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THE UNITED STATES NAVY 
GUARDIAN OF OUR COUNTRY 


The United States Navy is responsible for maintaining control of the 
sea and is a ready force on watch at home and overseas, capable 
of strong action io preserve the peace or of instant offensive action 
to win in war, 


It 13 upon the maintenance of this control that our country's glorious 
future depends; the United States Navy exists to make it so, 


WE SERVE WITH HONOR 


Tradition, valor, andvictory are the Navy's heritage from the past. 
To these may be added dedication, discipline, and vigilance as the 
watchwords of the present and the future, 


At home or on distant stations we serve with pride, confident in the 
respect of our country, our shipmates, and our families, 


Our responsibilities sober us; our adversities strengthen us, 


Service to God and Country is our special privilege, We serve with 
honor, 


THE FUTURE OF THE NAVY 


The Navy will always employ new weapons, new techniques, and 
greater power to protect and defend the United States on the sea, 
under the sea, and in the air, 


Now and in the future, control of the sea gives the United States her 
greatest advantage lor the maintenance ol peace and for victory in 
war. 

Mobility, surprise, dispersal, andoffensive power arethe keynotes 
of the new Navy, The roots of the Navy lie in a strong belief in the 
future, in continued dedicationto our tasks, andin reflection on our 
heritage from the past, 


Never have our opportunities andour responsibilities been greater, 
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1. This publication and the companion Instructor's Guide, NAVPERS 923884, 
are the approved curriculum for the "Magnetic Amplifier" block of in- 
struction in Navy Fire Control Technician Schools, Class "А", and are 
effective upon receipt. 
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Commanding Officer, U. 8. Naval Schools Command, Mare Island, Vallejo, 
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SAFETY NOTICE 


WARNING 


The attention of all hands is directed to Section 
V, Chapter 67 of Bureau of Ships Technical 
Manual or superseding instructions on the 
subject of safety. 


Dangerous voltages are employed in the training devices and equipments used throughout this 
course. Contact with live circuits can result in permanent injury or death. 


NEVER MEASURE POTENTIALS OVER 600 VOLTS BY MEANS OF FLEXIBLE TEST LEADS 
OR PROBES. 


DO NOT SERVICE OR ADJUST ALONE: 


Under no circumstances should any person work on live equipment without the immediate 
presence or assistance of another person capable of rendering aid. 


DO NOT TAMPER WITH INTERLOCKS 
NOTES 


(A) MAKE SURE you are NOT GROUNDED whenever working near or using test equipment on 
live circuits. 


(B) In general, USE ONE HAND only when working around live circuits. 
(C) ALWAYS ground the metal case of test equipment before using. 


(D) DO NOT FORGET that high voltages MAY BE PRESENT across terminals that are 
normally low voltage due to component breakdown or equipment malfunction. Use care 
even when measuring low voltages. 


(E) NEVER USE electrical or electronic equipment known to be in poor condition. 


(F) ALWAYS inspect test leads, line cords, etc., to ensure that no cracked or broken insula- 
tion, frayed wires, or loose connections exist, before using any portable electrical or 
electronic equipment. 


(G) High-voltage, high-capacity capacitors should be discharged with a suitably insulated 
shorting or grounding bar with about 10 ohms in series with the grounded line. Where 
neither terminal of a capacitor is grounded, short the terminals to each other. 


RESUSCITATION 


Approved posters illustrating the correct procedures and listing rules for resuscitation 
must be displayed prominently in each fire control, radio, radar, or sonar enclosure. These 
posters may be obtained upon request to the Bureau of Medicine and Surgery. Formerly, 
manual methods of artificial respiration were used exclusively. These methods include the 
prone pressure method, the hip lift-back pressure method, the arm lift-chest pressure 
method, the arm lift-back pressure method, and Eve's method (rocking on a stretcher). 

More recently, the "rescue breathing" methods have come into prominent use. These latter 
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methods represent the most efficient means of resuscitation without the use of special equip- 
ment, and include mouth-to-mouth, mouth-to-nose, and mouth-to-mouth-and-nose techniques. 


Mouth-to-mouth resuscitation is accomplished by sealing one's mouth over the patient's 
mouth, pinching the nostrils shut, and blowing until his chest lifts—an indication that his 
lungs are filled with air. The air is then allowed to escape, and the procedure is repeated 
at the normal rate of breathing until the patient can breathe for himself. 


Resuscitation using the patient's nose for an airway is as satisfactory as the mouth-to- 
mouth method. It is the method preferred by many. When this method is used, the patient's 
mouth is held closed as air is blown into the nose. 


Both the nose and mouth may be used as the patient's airway. This method is, in fact, 
quite often used when administering resuscitation to infants. 


SUMMARY OF STEPS USED IN RESCUE BREATHING: 
1. Start the process immediately. 

2. Place the patient on his back. 

3. Clear the mouth and throat of debris. 

4, Tilt the patient's head back. 


5. Pull the patient's chin forward, using the middle fingers, зо that the lower jaw is literally 
lifted and it "juts out.' This step is necessary to keep the tongue out of the air passage. 
The lifting is accomplished by placing fingers beneath the jawbone and behind it on a line 
almost perpendicular to the ear. Using one hand, hold the jaw in this position. 


6. Blow air through mouth or nose (or both) until chest rises. (Nostrils should be pinched 
with fingers if mouth-to-mouth method is used. ) 


7. Remove your mouth and listen for snoring and gurgling—signs of throat obstruction. If 
the throat is obstructed, turn the patient quickly on his side and administer several blows 
between the shoulder blades in an effort to dislodge the obstruction. 


8. The complete cycle of filling the patient's lungs with air and allowing them to deflate 
should be smooth, with each complete cycle starting at approximately five-second 
intervals. 


9. Continue rescue breathing until the patient breathes for himself. 


Although rescue breathing is the preferred method for administering artificial respira- 
tion, the technician should be skilled in other methods in order to manage situations where 
rescue breathing cannot be used. The method to be used is dictated by the condition of the 
patient, the availability of equipment and trained personnel, and the particular environment. 


There are procedures applicable to all methods of resuscitation. The first thing is to 
begin immediately by putting the patient in the proper position. DO NOT WAIT FOR HELP 
OR EQUIPMENT. Since every second counts, start the resuscitation and attend to secondary 
measures as you proceed. The important thing is to establish and maintain the rhythm of 
artificial respiration without interruption. Matters such as clearing debris from the mouth, 
pulling out a swallowed tongue, keeping the area about the mouth clear so that no foreign 
matter is taken in, loosening clothing which restricts breathing, removing wet clothing, and 
keeping the patient warm are vital, but they should be done without interrupting the rhythm. 
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Thrust head backward 


\ 






N 





Pinch nostrils. Blow into patient’s mouth. 


The patient should not be given any food or liquid until he is fully conscious. The 
artificial respiration should be performed on the scene if possible. Once breathing is 
restored, the patient should be transported on a stretcher for further medical attention. 
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HOW TO USE THIS TRAINEE'S GUIDE 


PUBLICATION 


This Trainee's Guide has been pre- 
pared for use in Navy technical schools 
teaching the theory of operation and mainte- 
nance of equipment using magnetic ampli- 
fiers. 


TRAINING GOALS 


This course material is in two parts, 
each of which is divided into sections, which 
are further divided into topics. The train- 
ing goals are stated at the beginning of each 
topic, with a brief outline of the discussion 
points to be covered by the instructor. 


STUDY ASSIGNMENTS 


Self-study assignments serve to supple- 
ment classroom instruction. The trainee is 


urged to reinforce his knowledge by reading 
study assignments given by the instructor. 


QUIZ SHEETS 


A quiz at the end of each section is to 
be completed as directed by the instructor. 
Do not mark this book; write your answers 
on а separate sheet of paper. 


SAFETY PRECAUTIONS 


Read the SAFETY NOTICE carefully. 
Develop safe working habits and practice 
safety always. Take time to be safe. 
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PART 1 


Section 1 


BASIC THEORY OF MAGNETISM AND MAGNETIC AMPLIFIER PRINCIPLES 


Topic No. Topic Title Page 
1. Basic Theory of Magnetism . . . . . . . . . . . . . . 2 
2. Development and Basic Principles of Magnetic Amplifiers . . . . . 10 
3. Elements and Characteristics of Magnetic Amplifiers . . . . . . IB 
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TOPIC 1: 


You Are Now Going to Learn: 
1. Historical background of magnetism. 


2. Fundamentals of magnetic theory. 


3. Magnetic units, symbols, and termi- 
nology essential in understanding 
magnetic amplifiers. 


4. Importance of hysteresis and perme- 
ability in magnetic phenomena. 


You Will Acquire Skill in: 


1. Tracing reactor characteristics on the 
B-H curve. 


Discussion Points for this Topic Are: 


1. Terminology of magnetism. 


Magnetic lines. 

Domains. 

Magnetomotive force (mmf). 
Ampere-turns. 

Flux and flux density. 
Permeability and saturation. 


„Фп оор 


2. Domain theory. 
3. The В-Н curve and how to interpret it. 
a. Air-core coils. 
b. Iron-core coils. 
с. Knee of curve. 
4. Hysteresis and the hysteresis loop. 
a. Coercive force and residual flux. 
5. Review and summary. 
INFORMATION AND DISCUSSION: 
Historical Background of Magnetism 
The ancient Greeks discovered that 
some of a certain type of rock now known as 
magnetite was capable of attracting certain 


metallic substances. The Chinese found 
that a piece of magnetite allowed to swing 
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free in a horizontal plane would turn so that 
one end always pointed north. Because this 
characteristic was later used as an aid to 
navigation, the stone became known as a 
leading stone or lodestone. Any object that 
can attract iron and steel and that points to 
the north when allowed to swing free is 
called a magnet. 


Magnetic Fields, Lines, and Substances 


The region around a magnet wherein its 
influence can be felt is called a magnetic 
field. This magnetic field can be thought of 
as a pattern of lines arranged in an orderly 
fashion radiating from two poles, one con- 
ventionally called north and the other south. 
These invisible lines are called magnetic 
lines of force. The existence of actual lines 
has not been definitely proved; this course, 
like all contemporary literature on the sub- 
ject, will use them as a conceptual conven- 
ience. The total number of lines entering 
or leaving a pole is called its magnetic flux. 
Flux density is the concentration of lines 
per unit area of pole face. The path of 
magnetic flux {гот some starting point, e.g., 
a pole, through all the media it traverses to 
the opposite pole and then back to the start- 
ing point is called a magnetic circuit. 
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1. BAR MAGNET AND ITS MAGNETIC 
FIELD 
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Magnetic lines have the following 
characteristics: 


1. They always form complete loops. 
2. They never cross each other. 


3. They expand or contract like rubber 
bands as a greater or lesser force 
is exerted on them, and return to 
their original state when the force 
is removed. 


4. They will pass through a magnetic 
material more easily than through 
air or a nonmagnetic material. 


Solid substances that can be magnetized 
include iron, iron alloys, steels, certain 
iron oxides and iron-containing minerals, 
such as magnetite, nickel, cobalt, and 
alloys of these and a few other substances; 
e.g., an alloy of aluminum, nickel, and 
cobalt known as ALNICO. 


Magnetic Field Formation in Solids 


The domain theory that currently is 
used to account for magnetic phenomena in 
solids can be summarized in simplified 
form as follows. 


In magnetic substances each atom may 
have the characteristics of a magnet. These 
atomic magnets tend to aggregate in groups 
called domains, each consisting of 1014 to 
1015 atoms, with all the atomic magnetic 
fields in the group oriented in parallel. In 
an unmagnetized sample of magnetic mate- 
rial, the magnetic fields of the domains 
(about 1 million to a cubic centimeter) are 
oriented at random, so that their sum is 
Zero. 


М $ 


DOMAIN 
POLARITY 





2. DOMAINS IN UNMAGNETIZED 
IRON BAR 


When the material is exposed to an 
external magnetic field, the individual mag- 
netic fields of the domains tend to line up 
parallel with the external field just as a 
compass needle tends to line up with the 
earth's magnetic field. 


This tendency is approximately propor- 
tional to the magnetizing force of the field; 
the greater the force, the greater the per- 
centage of the domains that line up. When 
all possible domains have been aligned in 
response to the magnetizing force, the ma- 
terial is said to be magnetically saturated. 


The figure below shows this condition 
schematically. Real magnets will pull to- 
gether if lined up as shown. However, the 
"magnets" in the figure stand for atomic 
groups, as mentioned previously, and are 
shown with spaces between them for the 
sake of clarity. 





3. DOMAINS IN MAGNETIZED STEEL BAR 


In retentive material like cast steel, 
many of the domains remain aligned when 
the external field is removed. The material 
consequently retains a substantial residual 
or permanent magnetic field. In a less re- 
tentive material like soft iron, the field is 
temporary; the domains tend to go out of 
alignment when the magnetizing force is 
removed, and there is negligible residual 


magnetism. 


The external magnetic field may be 
developed by either another magnet or an 
electric current. A constant direct current 
in a coil of wire develops a constant mag- 
netic field proportional to the product of its 
amperage and the number of turns in the 
coil. The direction of the field depends upon 
the direction of the current. Reversing 
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the current reverses the field; changing the 
current amperage or the number of turns in 
the coil directly changes the field strength. 


Magnetic Units and Relationships 


In some respects the fundamental law 
or basic relationship among values in 
magnetism resembles the fundamental re- 
lationship in electricity called Ohm's law. 
Analogies between the two will help the 
student to comprehend more quickly the 
fundamentals of magnetism, but it should 
be remembered that this parallelism is not 
complete. 


Rowland's law of "magnetic" circuits 
states, in effect, that the number of lines of 
magnetic flux in maxwells (O) is directly 
proportional to the magnetomotive force in 
gilberts (F) and inversely proportional to the 
reluctance (rels) offered by the circuit. 


Electric Circuit 


Magnetic Circuit 


Force Volt, Eoremf Gilberts, For 
mmf 
Flow Ampere, or I Flux (O) in 
maxwells 
Opposi- Ohms, R Reluctance or 
tion rels 
1.2571. N 
oo Volts per cm H = length in cm 
(рег cm2) 
(gausses) 
Density Current density- Flux density- 


amperes per cm? lines per cm 
(gausses) 


A magnetic field is a condition of stress 
existing in space. The stress is conceived 
as being exerted by lines of force. The 
total quantity of lines in a magnetic circuit 
is called the magnetic flux. Flux is approx- 
imately analogous to current in an electric 
circuit. The concentration of magnetic 
lines of force per unit of pole area is called 
flux density, often represented by the 


symbol B. The space traversed by the mag- 
netic circuit may or may not be occupied by 
material substances. The magnetic analog of 
electrical emf is magnetomotive force, ab- 
breviated mmf and symbolized in most dia- 
grams as H. Emf can be said to push a cur- 
rent through an electrical resistance; mmf 
can be similarly thought of as pushing a flux 
through a magnetic resistance called reluc- 
tance. 


The practical unit in which mmf is 
measured is the ampere-turn which is the 
magnetic potential developed by one ampere 
DC passing through a one-turn coil of wire 
in a vacuum or in air. 


The analogy in a magnetic circuit to 
resistance in an electric circuit is reluc- 
tance. Reluctance is the opposition offered 
by the magnetic circuit to the passage of 
magnetic flux. It varies directly with the 
length of the flux path and inversely with the 
cross-sectional area and the permeability 
of the path. 


Permeability, designated by the Greek 
letter mu (A), is a measure of the relative 
ability of a substance to conduct magnetic 
lines as compared with air. The perme- 
ability of air or a vacuum, or a nonmagnetic 
substance like copper, is taken as 1, by 
definition. Permeability is the ratio of flux 
density B to magnetomotive force H as ex- 
pressed thus: 


B 
ке 


In а substance with high permeability, 
such as soft iron, а given mmf will develop 
much more flux than in one with less perme- 
ability, such as cast iron. 


А conductor carrying current is sur- 
rounded by an electromagnetic field. The 
strength of the electromagnetic field in- 
creases with an increase in current and 
decreases with a decrease in current. If 
the straight conductor is bent into a single 
loop, the lines of force will concentrate 
within the loop. 
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To increase the concentration of the 
electromagnetic field, а magnetic core may 
be inserted into the coil; its high perme- 
ability increases the flux density. 





4, MAGNETIC FIELD ABOUT A CURRENT- 
CARRYING WIRE LOOP 





If the wire is looped many times to 
form a coil, thé magnetic field about all 
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6. ADDING А СОВЕ OF МАСМЕТС 
MAT ERIAL INCREASES FLUX 
DENSITY 





5. MAGNETIC FIELD ABOUT А CURRENT- 
CARRYING COIL 
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1. INCREASING THE NUMBER OF TURNS IN THE COIL (lower left) OR INCREASING 
THE CURRENT INPUT (lower right) WILL INCREASE THE MAGNETIC FIELD 


It has already been stated that the unit 
of magnetomotive force or mmf is the 
ampere-turn. The mmf developed by a 
current-carrying coil can be expressed by 
multiplying the current in amperes by the 
number of turns in the coil. Consequently, 
as indicated in the figure above, increasing 
either the current or the number of turns in 
the coil will increase the total mmf. 


А Simple B-H Curve 
А B-H curve is a graphical figure in 


which are plotted the amount and direction 
of magnetic flux density, B, developed by a 
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given value of mmf in ampere-turns, Н. 
Below are shown these values for an electro- 
magnetic coil with an air core. The perme- 
ability of air is considered as equal to 1. 
For a given ampere-turns value, shown as 
point 1 on line О-Н, a given flux density, 
shown as point 1' on the line O-X, develops 
in the center of the core. If the ampere- 
turns value is increased to point 2 on line 
O-H, flux density increases proportionately 
to point 2' on the line O-X. It will be noted 
that the slope of O-X is relatively shallow, 
and the increase in flux for increased 
current, i.e., ampere-turns, is quite 
small. 
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9. В-Н PLOT OF SATURATION IN IRON-CORE COIL 


Let а magnetic core be substituted for 
the air core. The permeability of iron is 
much greater than that of air. As exciting 
current is increased, flux density in the 
core goes up proportionately, but much 
faster than with the air core, as shown 
above. 


The domain theory of magnetism 
accounts for this phenomenon. As the flux 
increases, it orients the domains in the 
ferrous core 80 that their summed field 
adds to that produced by the coil current. 
While а large proportion of the domains is 
still unoriented (for example, at point 2 or 
3 in the figure above), the core is said to be 
unsaturated. However, as current is in- 
creased, the proportion of oriented mole- 
cules approaches 100 percent, and the rate of 
increase of flux diminishes. As shown above, 
equal increments in ampere-turns in the un- 
saturated part of the graph show large but - 
proportional increments in the flux density. 
As the core approaches saturation, equal in- 
crements of current continue to increase flux 
density, but the rounded part of the curve, 
known as the knee, shows that the rate of in- 
crease drops. When all of the available do- 
mains are oriented, the core is said to be 
saturated. 


Hysteresis and the Hysteresis Loop 


Up to this point this discussion has 
dealt with steady-state conditions in the 
electromagnetic coil and magnetic core; 
viz, fixed or slowly changing DC and con- 
stant or slowly changing mmf and flux. It 
is now time to consider magnetic phenomena 


under rapidly changing conditions of mmf 
and flux; specifically, core and coil behavior 
when the coil is excited by an alternating 
current. 


If B is plotted vs H for the first cycle of 
an alternating current in an air-core electro- 
magnetic coil, it is evident that when H goes 
from O to a' in the positive half of the cycle, 
the value of B goes up to a positive value 
plotted as а"; in the negative half, as H goes 
down to d', the value of B passes through 
zero and goes to a negative value plotted as 
d". Thus, the B-H curve shown below for 
an air-core coil is a straight line, a-d, with 
shallow slope, passing through O. 






MAGNETIZING 
d" FORCE 
(атреге turns) 


AC CYCLE 
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The B-H curve for an electromagnetic 
coil with ferrous core is shown below. 
When the first AC cycle goes through the 
coil, the value of B goes up quite sharply as 
H increases. It can be assumed that in the 
positive half of the AC cycle the value of H 
reaches a maximum of O-a', and В goes to 
a maximum of О-а". If it were plotted be- 
yond saturation at point a, the value of B 
would show a gradual but slow increase with 
increasing H, comparable in slope to that 
for an air core. 


As current and ampere-turns decrease 
in the second part of the positive AC half- 
cycle, В goes down not along line a-O but, 
less rapidly, along a-b. When the curve 
crosses the B axis, H is zero, but B still 
has a plus value of O-b, indicating that a 
residual flux remains. To reduce the re- 
sidual flux to zero, a negative magnetizing 
force O-c called coercive force is required. 


As the AC goes negative, magnetizing 
force H increases in the negative direction 


to d', and flux density reaches maximum 
of d". 


When in the final part of the negative AC 
half -cycle the value of -H reaches zero, the 
curve crosses the B axis at point e, indi- 
cating a residual flux of O-e. A positive 
coercive force O-f is necessary to bring the 
flux density back to zero. As the AC goes 
into the next cycle and H goes up to a', flux 
density goes to a", closing the loop. 


It is evident that once the AC excitation 
has passed its first half-cycle, the flux al- 
ways lags behind the magnetizing force. At 
b, the magnetizing force has reached zero, 
but flux density does not reach zero until the 
magnetizing force has reversed direction and 
gone farther along the cycle of magnetization 
toc. This lag of flux with respect to mag- 
netizing force is called hysteresis. Hyster- 
esis can be considered somewhat analogous to 
the combined effects of inertia and friction in 
mechanics. The plotted cycle of magnetiza- 
tion a b c d e f a is called the hysteresis loop. 
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TOPIC 2: DEVELOPMENT AND BASIC PRINCIPLES OF 


MAGNETIC 


You Are Now Going to Learn: 
1. Circuit elements of magnetic amplifiers. 
2. Characteristics of inductive reactors. 
3. How a saturable reactor works. 
4. Principle of self-saturation. 
Discussion Points for this Topic Are: 
1. Circuit elements of magnetic amplifiers. 
a. Reactors. 
b. Diodes. 
с. Resistors. 


2. Characteristics of inductive reactors. 


a. Impedance. 
b. Effect of impedance variations. 


3. Functioning of a saturable reactor. 


a. Methods of varying impedance. 


b. How control currents vary impedance. 


4. Self-saturation. 
a. Why a diode is used. 
b. Advantages of unidirectional load 
current. 
5. Operating point. 
a. What operating point means. 
b. Effect of operating point on imped- 
ance. 
6. Review and summary. 
INFORMATION AND DISCUSSION: 
Development of Magnetic Amplifiers 
The magnetic amplifier, sometimes 
called a magamp, is not new. lts basic 


principle—control of coil currents by 
regulating magnetic saturation in the core 


AMPLIFIERS 


of the coil—was used in electrical machin- 
ery as early аз 1885. Saturable core 
devices have been used, principally in 
heavy electrical machinery, in the United 
States since 1900. 


Many people are under the impression 
that the Germans invented the magnetic am- 
plifier. Actually, it is an American inven- 
tion. Other countries, such as England, 
Sweden, and Japan, have also contributed 
to its development. 


The Germans improved the efficiency 
and response time of the magnetic amplifier, 
reduced its weight and bulk, and broadened 
its field of application. The German Navy 
used the device in master gun stabilizers; 
their Air Force used it in automatic pilot 
and ground approach systems, in servo- 
systems for long-range rockets, in blind 
landing aids, and in regulation of fuel flow 
in relation to atmospheric and ram pressure 
in some types of guided missiles. The Ger- 
man Army had started to apply it to the V-2 
rocket stabilizer and steering system by the 
end of the war. The reason why the Germans 
expended so much effort on magnetic ampli- 
fier development in the midst of a bitter war 
has never been definitely determined. There 
was no shortage of electron tubes; perform- 
ance of tube-controlled equipment certainly 
was not improved by the substitution of 
magnetic amplifiers. The most likely 
reason appears to have been an acute short- 
age of field electronics personnel, making 
dependability and freedom from maintenance 
especially important. 


During World War II, the U. S. Navy 
also started to exploit the magnetic ampli- 
fier extensively for purposes other than 
power regulation. Magnetic amplifiers are 
now used in servosystems, high-speed digi- 
tal computers, pulse-forming, memory, 
and scanning circuits in radio, radar, and 
sonar equipment. 
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Circuit Elements of Magnetic Amplifiers 


A modern magnetic amplifier includes 
very few types of components-——fewer, in 
fact, than are required in conventional 
vacuum-tube and transistor amplifiers. 
Like such amplifiers, magamps are 
organized into successive stages, and 
only in very rare instances does any one 
stage include more than the following cir- 
cuit elements: 


1. Inductive reactors, usually with 
extra windings. 


2. Rectifiers. 
3. Resistors, adjustable or fixed. 


Vacuum tubes, transistors, capacitors, 
rotatable or fixed transformers, motors, 
and other circuit elements may form parts 
of circuits associated with magnetic ampli- 
fiers, but magnetic amplifiers themselves 
generally require no more than the three 
types of circuit elements listed above. 


Characteristics of Inductive Reactors 


The key element in a magnetic ampli- 
fier is the inductive reactor. An inductive 
reactor is, in its most elementary form, 
simply a coil of wire wound around a fer- 
rous or other magnetic core. Its most 
significant property is that ideally it dis- 
sipates no energy in the form of heat, as do 
resistors. Instead, when excited by an in- 
creasing current, it stores energy by build- 
ing up a magnetic field, and then feeds the 
energy back into the circuit by the collapse 
of the field when the current begins to de- 
crease or reverse its direction. Actual 
reactors in normal circumstances do have 
electrical resistance, but in elementary 
theoretical consideration this is usually 
neglected. 


Saturable Reactor Principle 


In any amplifier, a comparatively low- 
level signal controls relatively large amounts 
of power. 


In the saturable reactor, the control 
signal does this by determining the satura- 
tion of the core, and thus the reactance of 
the coil. A review of the characteristics of 
a coil, or inductor, will help to clarify the 
relationship between coil saturation and 
impedance. The presence of a coil in a 
circuit causes a back or counter emf to be 
built up when the current is changing. The 
counter emf opposes current flow. Since 
this opposition is caused by the inductor, it 
is called inductive reactance (XL). The 
total impedance is determined by XL and 
the DC resistance of the coil; the latter is 
generally quite small. Recall, however, 
that the counter emf is caused by variations 
of magnetic flux caused by the changing cur- 
rent. What happens when the coil is satu- 
rated and there is no further change in 
magnetic flux? Under these conditions, a 
counter emf could not exist; the reactance 
of the coil would be essentially zero. In 
this case the impedance of the coil would be 
very low, determined primarily by the DC 
resistance. 


It is because magnetic cores saturate 
that inductive reactors can be used as 
amplifying elements. In a coil with an 
unsaturated core, the AC current is rela- 
tively small for a given voltage because of 
high coil impedance, whereas with a satu- 
rated core, the current is large because of 
low coil impedance. Obviously, then, the 
flow of alternating current through a re- 
actor can be controlled by controlling the 
saturation of the core. 
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12. REGULATING POWER FLOW BY REGULATING REACTOR IMPEDANCE 
WITH MOVABLE CORE 


One way to do this would be to use the 
signal to insert a ferrous core into the coil 
to increase permeability, as shown above. 
A given number of ampere-turns in the coil 
would then develop a large amount of flux 
and consequently have a high AC impedance 
which would reduce the amount of current 
flow in the coil. To increase current flow 
in the coil, the permeable core could be 
removed; a given number of ampere-turns 
would develop relatively little flux, and im- 
pedance would drop. This method is not 
practical for actual amplifiers, but does 
illustrate the following principles: 


1. A signal which regulates perme- 
ability can regulate impedance. 


2. A small signal which regulates 
impedance can cpntrol a relatively 
large power output. 


Another way to regulate reactor imped- 
ance would be to add a DC excited coil to the 
core. Call this the control winding. Cur- 
rent in the control winding regulates the 


SATURABLE 
REACTOR 


CONTROL 
CIRCUIT 





impedance of the reactor by adjusting the 
amount of core saturation. When the con- 
trol signal is zero, a large impedance is 
presented to the load circuit by the reactor 
winding, and the output is small. When the 
control current is increased, the magnetic 
core material becomes saturated, the im- 
pedance of the coil in series with the load 
is reduced considerably, and the output 
power increases. In this way, a variation 
in the control current effects a corres- 
ponding variation in output current. This 
can easily be understood by closely exam- 
ining the formula for inductance and 
inductive reactance. 


1.257. №2. А. mu. 1078 


L = length 
XL = 27 fL 


The figure below shows a simple satu- 
rable reactor circuit which demonstrates 





LOAD 
(LAMP) 


13. ELEMENTARY SATURABLE REACTOR, SIGNAL "OFF" 
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CONTROL 
CIRCUIT 





14. ELEMENTARY SATURABLE REACTOR, SIGNAL "ОМ" 


how a signal working through the reactor 
can turn а lamp on or off. The saturable 
reactor is shown as a ring-shaped, or 
toroidal, magnetic core with two windings. 
Winding C is the control winding, which 
receives the signal. The signal may be 
either "on" or "off." A source of DC, in 
this case a battery, feeds current to the 
control winding through switch S. Inthe 
"off" signal condition, shown in this figure, 
the switch is open. 


Winding L is the load winding, which is 
connected to an AC supply through a lamp 
and an ammeter. The lamp serves as a load. 
With switch S open for the "off" signal, the 
ammeter shows negligible current flow, and 
the lamp is dark, even though the AC source 
is connected. The reason for this is that 
the reactor core is unsaturated, and the 


CONTROL 
CIRCUIT 





impedance of L is at a maximum, so that 
nearly all the voltage drop in the load cir- 
cuit is across the winding. Moreover, load 
current is at a minimum insufficient to light 
the lamp. 


To insert an "on" signal, switch S is 
closed. Direct current flows in the control 
winding, saturating the core. As described 
earlier in this topic, this reduces the im- 
pedance seen by the load winding and, 
consequently, the voltage drop across it. 
Load circuit current increases, as shown 
by the ammeter. Most of the voltage drop 
now develops across the lamp, which lights 
to full brilliance. 


Substituting a rheostat R, as shown 
below, makes it possible not only to turn 
the lamp on and off, but also to regulate its 
brightness between these two extremes. 





LOAD CIRCUIT 
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16. ELEMENTARY SATURABLE REACTOR, SIGNAL INPUT FROM 
ANOTHER CIRCUIT UNIT 


In the examples given previously, the 
input signal has control through the opera- 
tion of a core, a switch, or a rheostat. 
More often, however, a saturable reactor 
or magnetic amplifier is controlled directly 
by a signal voltage from some other circuit 
unit, such as a preamplifier, a demodulator, 
or the like, The signal may be either AC or 
DC. In this basic course, only DC signals 
will be studied. 


The elementary saturable reactor is not 
an entirely practical device in the form 
shown above, For example, the AC load 
current flowing through the load winding will 
induce an AC voltage in the control winding. 
This produces an undesirable characteristic 
because the load winding carries AC current 
and the control winding DC current, In ef- 
fect, the load current mmf opposes the 
control current mmf during half of each AC 
cycle, and thus partially desaturates the 


core. This reduces the reactor's power gain 


since control power must be used to resatu- 
rate the core every cycle, 







SIGNAL INPUT 


Principle of Self-Saturation 


At this point, the main distinction be- 
tween the saturable reactor and the magnetic 
amplifier appears. Inserting a rectifier as 
shown below converts the reactor into a 
true magnetic amplifier, single stage half- 
wave type. It also eliminates the desatu- 
rating half-cycle of load current. The load 
winding now carries a pulsating DC only; 
the circuit is now self-saturating. 


In an earlier discussion in this topic, 
it was mentioned that inductive reactors are 
capable of amplification because of core 
saturation. When the core is saturated, 
its impedance is low; when unsaturated, it 
is high. The following discussion will illus- 
trate on the B-H curve the different opera- 
ting conditions to show further the importance 
of self-saturation in the operation of mag- 
netic amplifiers. 


RECTIFIER 


AC 
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17. ELEMENTARY SELF-SATURATING MAGNETIC AMPLIFIER 
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Below is diagrammed a simplified and 
idealized B-H curve which neglects hystere- 
sis. On this curve may be plotted the opera- 
ting point of a core. The operating point 
represents the amount and direction of 
magnetic flux in a core at a given instant. 
Thus, as shown below, a magnetomotive 
force with an ampere-turns value of +h will 
develop a flux value of +b, The correspond- 
ing operating point location on the curve is 
P1. Similarly, an ampere-turns value of 
-h will develop a flux value of -b; the core 
operating point will then be at P2. With 
zero value on the H and B axes, the opera- 
ting point will be located at their inter- 
section (point P3). 





18. B-H CURVE, SHOWING OPERATING 
POINT 


The B-H curve shows that in a given 
core a certain mmf value of h will develop 
a corresponding flux value of b. The point 
at which this value of b intersects the B-H 
curve is the operating point. Thus, under 
steady-state conditions a given value of h 
will cause a corresponding value of b to 
develop, and the operating point will remain 
fixed. 


Dlustrated below is the B-H curve of a 
coil with magnetic core under conditions 
other than steady-state. The core is assumed 
to be unsaturated; b and h are zero and the 
operating point is in position P1, at the inter- 
section of the B and H axes. Now let a mo- 
mentary exciting current flow in the coil to 
develop an ampere-turns value of +h, Flux 
goes up to a value of +b, and the operating 
point correspondingly moves up the B-H 
curve to position Ра. 


Lenz's law provides that self-induction 
will take place when a change in current 
produces a corresponding change in the 
magnetic field surrounding the conductor. 
With the change in flux value from 0 to +b 
in the core, self-induction has taken place. 
The self-induced voltages, by Lenz's law, 
oppose the momentary exciting current in 
the coil. This opposition is inductive re- 
actance. 


+8 OPERATING 


POINT 
(POSITION P2) 







POINT 
(POSITION Pl) 
с=з INDICATES 


AMOUNT OF CHANGE 
IN OPERATING POINT 
POSITION 


—B 


19, B-H CURVE, OPERATING POINT AT 
ZERO (UNSATURATED CORE) 
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Consider now another illustrative situa- 
tion, in which the magnetic core is fully 
magnetized (saturated) at the instant the 
momentary exciting current begins to flow. 
Н the core is at this instant saturated in the 
positive direction, the operating point is at 
position P1, as indicated in the diagram 
below. 


Now let a momentary exciting current 
flow in the coil, The current builds up to a 
point where it develops an mmf in ampere- 
turns of +h. If the core were unsaturated, 
this mmf would drive the operating point to 
position Р1. But the core was already 
saturated, and the operating point was at 
P1, before the momentary exciting current 
began to flow. The exciting current has, 
consequently, caused no change in the core's 
magnetic state, 


If there has been no change in the 
core's magnetic state, then, by Lenz's law, 
no self-induction has taken place; and since 
there have been no opposing voltages de- 
veloped, there has been no inductive react- 
ance. (The small amount of flux developed 


+В OPERATING POINT 
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| IN 

| OPERATING 
| POINT 

| POSITION) 


4h 
+H 
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20. B-H CURVE, OPERATING POINT AT 
POSITIVE SATURATION 


by the exciting current in the air can be 
neglected here.) Thus, it is evident that 
if the core has been magnetically saturated 
in the same direction as the mmf of the 
exciting current before that current begins 
to flow, then minimum inductive reactance 
will oppose that current's flow. 


A third illustrative situation is dia- 
grammed below. Here it is assumed that at 
the instant the momentary exciting current 
(which produces an mmf of +h) begins to 
flow, the core is magnetically saturated in 
the negative direction. (Negative here means 
that the core's polarity is reversed with re- 
spect to the exciting current's mmf, and 
with respect to the illustrative example 
discussed in the column at the left.) The 
core operating point is consequently located 
at position P1 in the lower left quadrant, 


OPERATING 
+8 POINT 


(POSITION P2) 







+H 
+h 


EE INDICATES 
AMOUNT OF CHANGE 
IN OPERATING POINT 
POSITION 


OPERATING POINT 
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21. B-H CURVE, MAXIMUM CHANGE IN 
OPERATING POINT 


When the momentary exciting current 
flows, it develops an mmf of +h. This mmf, 
if it persists long enough (in a nonretentive 
core of the kind used in magnetic amplifiers 
a few milliseconds suffice), drives the core 
from saturation in the negative direction to 
saturation in the positive direction, as indi- 
cated in the diagram above. This is obvi- 
ously a much greater change than that which 
occurred in the first illustrative situation, 
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which began with an unsaturated core. This 
is, in fact, а maximum change; no greater 
change in this core is possible. With maxi- 
mum change in the magnetic field, it follows 
from Lenz's law that maximum self-induction 
and maximum inductive reactance occur. 


In place of the isolated pulses of DC 
considered in the illustrative examples, let 
the reactor coil be fed by AC, which develops 
alternate mmf's of +В and -h, reversing the 
core flux at each change in direction of the 
current. Thus, the reactor will have its 
full value of inductive reactance, since a 
maximum change in core saturation occurs 
twice in each AC half-cycle. 


If alternate AC pulses are suppressed 
by a diode, however, it is obvious that the 
core operating point will continue to be 
pushed in the same direction rather than re- 
versed, and will therefore tend to remain at 
position P1 (as in the diagram in the left 
column of the page opposite). With zero or 
minimum change in core field, there will be 
minimum inductive reactance. Since coil 
current thus tends continuously to saturate 
the core in the same direction as its own 
mmf, the core is considered self-saturating. 


Thus, the distinctive feature that marks 
the difference between a saturable reactor 
and a magnetic amplifier is, as has been 


stated earlier, the diode in the load circuit 
to limit load currents to one direction. 


Depending upon the characteristics of 
the core, and the other conditions in the cir- 
cuit, the principle of self-saturation is used 
in magnetic amplifiers in either of two prin- 
cipal ways: 


1. Where the load current itself 
saturates the core, the DC control 
current functions between load cur- 
rent pulses to "reset" the core so 
that the load current pulses en- 
counter increased coil impedance. 
In this circuit arrangement, in- 
creased control current increases 
coil impedance and thus reduces 
load current. 


2. Where load current does not satu- 
rate or nearly saturate the core, 
the control current saturates the 
core to reduce coil impedance. In 
this circuit arrangement, increased 
control current reduces coil imped- 
ance and thus increases load 
current. 


Specific circuit arrangements illus- 
trating these principles are discussed later 
in this course. 
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TOPIC 3: ELEMENTS AND CHARACTERISTICS 
OF MAGNETIC AMPLIFIERS 


You Are Now Going to Learn: 


1. 


Desired characteristics in magnetic 
amplifier components. 


Characteristics of magnetic amplifiers. 


a. Advantages. 
b. Disadvantages. 


Applications in which magnetic ampli- 
fiers and saturable reactors may be 
used. 


Discussion Points for this Topic Are: 


1. 
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Reactor core materials. 


a. Permeability and saturability. 
b. Low hysteresis. 

C. Stability. 

d. Low eddy current loss. 
Rectifiers. 


a. Small voltage drop. 

b. Minimum reverse current. 
с. Stable characteristics. 
Resistors. 

a. Ruggedness. 

b. Stability. 

с. Accuracy. 

Other elements. 


a. Inductive components. 
b. Transistors. 


Sealed magnetic amplifier assemblies. 


a. Disassembly not authorized. 
b. Unit replacement. 


Characteristics of magnetic amplifiers. 


a. Durability and ruggedness. 
b. Stability. 


c. Packaging. 
d. Instant readiness. 


e. Other characteristics. 
INFORMATION AND DISCUSSION: 


Introduction 


As mentioned earlier, the basic ele- 
ments in any magnetic amplifier circuit are 
inductive reactors, rectifiers, and resistors. 
The magnetically critical component of a 
reactor is its core, with respect both to 
composition and physical configuration. The 
elements that will therefore be taken up in 
this topic are: 


1. Core materials. 
2. Rectifiers. 
3. Resistors. 


Since magnetic amplifiers are but one of 
several currently practical types of electronic 
units available to the designer in electronics, 
servomechanisms, power regulation, com- 
puters, etc., this topic continues with a dis- 
cussion of their advantages and disadvantages 
as compared with other types of comparable 
electronic assemblies. It concludes with a 
brief list of applications in which magnetic 
amplifiers are used advantageously today. 


Reactor Core Materials 


Ideally, a magnetic core material 
should have the following characteristics: 


1. High permeability. A highly perme- 
able magnetic material has a narrow, 


steep hysteresis loop. A relatively 
small value of H in ampere-turns is 
then required to develop full satura- 
tion. 


2. High saturation flux density. Another 
way of stating this is to say that when 


the core is saturated, it has a 
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maximum number of lines of force. 
Note that this not necessarily the 
same as high permeability. 


3. Minimum hysteresis loss. Hyster- 
esis, as explained earlier in this 


course, is fundamentally a measure 
of the collective resistance of the 
magnetic domains to being oriented 
and reoriented by shifting mmf. 


A wide hysteresis loop indicates a 
greater value of hysteresis than a narrow 
one, and therefore greater hysteresis loss, 
which appears as heat generated in the core 
material. 


Compare loop widths as shown below. 






COMMON 
TRANSFORMER 
LAMINATION 
MATERIAL 





HIGH- 
RECTANGULARITY 
MAGNETIC 
AMPLIFIER CORE 
MATERIAL 


22. HYSTERESIS LOOPS COMPARED 


4. Minimum eddy-current loss. Eddy 


currents are currents induced in a 
conducting core material by changing 
values of magnetic flux. They can 
be reduced by: 


a. Dividing core material into thin 
laminations or layers of tape. 

b. Insulating adjacent laminations 
and tape layers. 

c. Making cores of electrically 
high-resistance materials. 


5. Stable magnetic characteristics. 
Stability depends upon such factors 


as temperature changes, mechanical 
strain, and shock. 


At present several types of nickel-iron’ 
alloy are favored as having the most suitable 
magnetic properties for use as core mate- 
rials for saturable reactors. 


Rectifiers 


One of the major advantages of the mag- 
netic amplifier is that it requires virtually 
no maintenance. For this reason, conven- 
tional vacuum-tube and other filament-type 
rectifiers are rarely used in magnetic ampli- 
fier circuits; solid-state rectifiers are used 
instead. The types used in current practice 
include: 


1. Germanium junction. 
2. Fabricated selenium. 
3. Silicon junction. 


Characteristics desired in these rectifiers 
are: 


1. Small forward direction voltage 
drop for good load circuit efficiency. 


2. Stable forward and reverse charac- 
teristics during entire operational 
temperature range. 


3. Minimum reverse currents. 


4. No aging losses, long life, and 
small size and weight. 


Germanium and silicon junction recti- 
fiers have good forward and reverse 
characteristics, with silicon superior in 
low-leakage quality. Selenium rectifiers 
were commonly used for power supplies 
before the serious development of the mag- 
netic amplifier, and have been used effec- 
tively in high gain equipment. Compared 
with silicon and germanium units, however, 
selenium rectifiers are handicapped by 
relatively high reverse leakage, high for- 
ward voltage drop, and large size and 
weight. Consequently, silicon and germa- 
nium junction rectifiers with their superior 
characteristics have already replaced 


ELEMENTS AND CHARACTERISTICS OF MAGNETIC AMPLIFIERS 19 


1-1-3 BASIC THEORY OF MAGNETISM AND MAGNETIC AMPLIFIER PRINCIPLES 


selenium to a great degree. In the future, 
the silicon rectifier will, no doubt, become 
the standard magnetic amplifier rectifier 
because of its low leakage. 


Resistors 


Resistors used in magnetic amplifiers 
are required to be highly reliable, stable, 
and accurate, since they are not usually 
accessible for maintenance. Generally, de- 
signers specify rugged wire-wound types, 
highly insulated, often encapsulated, and 
amply rated for heat dissipation. Ordinar- 
ily the magnetic amplifier assembly does 
not include rheostats, potentiometers, or 
other resistors whose values may require 
adjusting after assembly of the unit. In- 
stead, leads from within the assembly are 
brought out to a header or terminal board 
to which the variable resistor is connected. 


Magnetic amplifiers also use nonlinear 
resistors, Thyrite type, when required by 
design. 


Magnetic Amplifier Assemblies 


Magnetic amplifiers are usually assem- 
bled on an aluminum or steel chassis which 
serves as the main structural support as 
well as a heat sink. Since magnetic ampli- 
fier assemblies in Navy shipboard use are 
generally sealed, their internal construction 
will not be described here. Commonly, 
after the amplifier case is assembled and 
tested, it is filled with a hydrocarbon or 
silicone based potting compound, or with 
polyurethane or some similar compound, 
and the amplifier is then sealed. In normal 
use, in accordance with its characteristics 
and rating, its life is practically unlimited. 
Most magnetic amplifier assemblies, there- 
fore, are not designed for component re- 
placement or repair in the field; instead, a 
defective or damaged unit is replaced as a 
whole, and the faulty assembly sent to a 
repair facility. 


Additional cores can, of course, be in- 
cluded in the amplifier assembly to function 
as chokes or transformers; this is a matter 
of design convenience. Transistor-type 
preamplifiers, demodulators, etc., may 
also be included in such assemblies if they 


are of sufficient reliability; this is also a 
matter of design convenience. Freedom 
from maintenance is the most prominent 
feature of the magnetic amplifier. There- 
fore, moving parts or components whose 
characteristics will change with use, such 
as the vacuum tube, are not generally in- 
cluded within the sealed amplifier assembly. 


Characteristics of Magnetic Amplifiers 


Durability. A saturable reactor, which 
has no moving parts but only windings on 
magnetic cores, can have a life span equal 
to that of the most durable of electrical de- 
vices, the transformer. The life of magnetic 
amplifiers is limited primarily by the recti- 
fiers used. Germanium, silicon, and sele- 
nium rectifiers used in magnetic amplifiers 
are rated up to 60, 000 operating hours for 
normal operational demands. The log book 
of the German cruiser Prinz Eugen shows 
that not one of the numerous magnetic am- 
plifiers used in that vessel for gun stabilizers 
and servos required servicing for a period of 
ten years. 


Ruggedness. Magnetic amplifier assem- 
blies are as rugged as transformers of 
similar size and have no critically spaced 
unsupported components like vacuum-tube 
elements. They do not require shock mount- 
ing. 


Stability. Compared with vacuum-tube 
units, magnetic amplifiers are less affected 
by fluctuations in power supply voltage be- 
cause there is no cathode emission to change 
with filament temperature. Unbalanced ef- 
fects in balanced circuits attributable to 
cathode emission changes are practically 
eliminated because of the inherent stability 
of a solid-state rectifier compared to a hot 
cathode. 


Overloading. A magnetic amplifier can 
carry overloads comparable to those of an 
equivalent transformer. 


Packaging. Magnetic amplifiers can be 
hermetically sealed and inconspicuously 
built in as part of the equipment. They nor- 
mally require little or no ventilation. 


20 ELEMENTS AND CHARACTERISTICS OF MAGNETIC AMPLIFIERS 


BASIC THEORY OF MAGNETISM AND MAGNETIC AMPLIFIER PRINCIPLES 1-1-3 


Efficiency and gain. Power gain per 
magnetic amplifier stage is comparable to 


that of a vacuum-tube stage. They can be 
cascaded to almost any power gain. With no 
energy used in cathode heaters, efficiency is 
greater than in the vacuum tube amplifier. 


Circuit isolation. Magnetic amplifier 
inputs and outputs may be completely iso- 
lated electrically. 


Safety. Magnetic amplifiers can be 
safely operated in enclosed areas where 
starting relays and control contact sparks 
could cause explosion. Because they dis- 
sipate far less heat for equivalent power 
output, magnetic amplifiers do not appre- 
ciably heat up the spaces they occupy. They 
can be installed safely in compartments with 
combustible material. 


Circuit adaptability. Amplifier gain can 
be changed simply by adjusting the DC inputs 
or feedback potentiometers. They are less 
affected by stray RF pickup noises, as com- 
pared with high-resistance, high-voltage 
components necessary in equivalent electron 
tube circuits. Permanent magnets with ad- 
justable air gaps may be used, in certain 
applications, to set fixed gain. Separate 
windings may also be used to introduce feed- 
back, either positive or negative, to obtain 
increased amplification, or for degeneration 
to improve frequency response. In addition, 
separate windings can be added to super- 
impose independently varying signals in 
either phase relation, amplitude, or both. 
Magnetic amplifiers are adaptable for use 
in conjunction with electron tubes and tran- 
sistors for many applications. Tube- 
controlled saturable reactors can be used 
in electron-tube installations to improve 
stability, operating range, and overload 
protection. 


Readiness. Magnetic amplifiers and 
saturable reactors require no warmup time. 
For example, gun control units do not have 
to be kept continuously energized for instant 
use. 


In general, magnetic amplifier 
response time is long compared to that of 
vacuum tubes. Current servo production 
units have a lag of one cycle of exciting 





frequency. High-gain units have several 
cycles' lag. It is possible to reduce lag by 
using high-frequency power sources and 
other circuit refinements, but in some ap- 
plications magnetic amplifiers will never be 
able to compete with vacuum-tube circuits 
because of lag. 


Impedance range. The impedance of a 
magnetic amplifier cannot be increased to 
infinity or decreased to zero. Reflected 
impedances must therefore be considered in 
associated circuitry. Output impedance at 
full output is reduced almost to the DC re- 
sistance of core windings and rectifiers. 
Inputs may be designed with an impedance of 
a fraction of an ohm to a megohm or more. 


Aging of components. As mentioned 
earlier, magnetic amplifiers in general 


should not, once installed, require service 
or maintenance during a service life of at 
least five years. Selenium rectifier charac- 
teristics do change with age, however, and 
periodic adjustment of external variable 
resistors may be required. 


Frequency limit. At present the ulti- 
mate upper frequency limits of magnetic 
amplifiers are not known. However, experi- 
mental high-frequency magnetic amplifiers 
have been operated successfully in the region 
of 100 megacycles. 


Power capacity. Theoretically, there 
is no upper limit to power-handling capacity 
of magnetic amplifiers. 


Size and weight. In many low-power 
low-frequency applications, the magnetic 
amplifier may be larger and heavier than 
competitive units. This is especially true 
in the 60-cps components, since core size 
and weight is almost inversely related to 
frequency. For a given size, the 400-cps 
amplifier has about five times the capacity 
of its 60-cps counterpart. Linearity and 
response time also improve with frequency. 
High-frequency units, therefore, may be 
much smaller and lighter than equivalent 
vacuum-tube circuits. 


Cost. At present, magnetic amplifiers 
are more expensive than the units they re- 
place. If mass production is established, 
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magnetic amplifiers may compete in cost 
not only with electron tube components but 
with the cheaper electromechanical devices 
as well. 


Magnetic Amplifier and Saturable Reactor 
Applications 


The following list covers some of the 
more frequent applications in the Navy. 


Amplifiers. Magnetic amplifiers may 
be used as AC or DC amplifiers. Examples 
of low level DC applications are thermo- 
couple and photocell amplifiers to operate 
motors and controllers. Amplification 
gains of several million can be realized 
without the use of electron tubes but with 
rather long time constants. The magnetic 
amplifier makes an excellent DC amplifier, 
not subject to drift difficulties often en- 
countered in electron tube installations. 
Magnetic amplifiers are used in many 
servosystems. 


Regulators. Magnetic amplifiers 
control voltage, current, and frequency of 
industrial power installations, ship main 
propulsion and auxiliary units, and aircraft 
and automotive electrical equipment. 


Relays. Magnetic amplifiers can 
serve as locking, normally closed, open, or 
frequency-sensitive relays. They can sub- 
stitute for movable armature relays, 





particularly in equipment used in the tropics, 
where contact and mechanical difficulties 
are encountered due to humidity and fungus. 
Magnetic amplifiers contain no moving parts 
and can be completely sealed. 


Lighting control and power. Single 
saturable reactor units are used to control 


up to 50, 000 kva. 


Current limiting. Reactors can limit 
power currents during short circuits or can 
limit motor armature currents during slow 
motion or static conditions. 


Differentiation systems. For course 
plotters and predictors. 


Computers. Magnetic amplifiers may 
be used for data storage or in arithmetic 


operation units. 


Motor starting and control. Magnetic 
amplifiers can control motors, e.g., for 


fuel pumps, in locations where sparks re- 
sulting from relay starting and control 
contacts could cause an explosion. 


Multivibrators. Magnetic amplifiers 
are adapted to function as one-shot or free- 
running squarewave generators. 


Sweep generators. Magnetic amplifiers 
can serve in trigger and pulse forming cir- 


cuits for radar and loran equipment. 
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QUIZ SHEETS: 
Answer the following questions. 

1. The region around a magnet wherein 
its influence can be felt is called a 


2. The total number of lines entering or 
leaving a magnetic pole is called its 


3. When atomic magnets tend to en 
in groups, they are called 


4. Gilberts are a measure of 
and the symbol is 


5. Magnetic flux is measured in > 
and the symbol із 


6. What is an ampere-turn? 


7. Permeability is the ratio of 
to 


8. A B-H curve is a plot of 
and Я 


9. А core is said to be saturated when 


10. 


11. 


12. 


13. 


14. 


15. 


QUIZ 


Coercive force is required to reduce 
to zero. 


The lag of flux with respect to mag- 
netizing force is called 


An ideal magnetic core material should 
have the following characteristics. 


а. 

b. 

c 

Name three ways in which eddy cur- 
rents can be reduced. 

a. 

b. 

c 

The known frequency limits of men 


amplifiers are 


Name three uses of magnetic amplifiers 
in the Navy. 
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TOPIC 1: 


MAGNETIC AMPLIFIER CIRCUIT TYPES 


AND CHARACTERISTICS 


You Are Now Going to Learn: 


1. Distinction between magnetic amplifiers 
and saturable reactors. 


2. Effects of internal and external feedback. 


3. Transfer characteristics types. 


a. Direct. 

b. Inverse. 

с. Polarized. 

d. Duodirectional. 


You Will Acquire Skill in: 


1. Interpreting transfer characteristic 
curves. 


Discussion Points for this Topic Are: 


1. Saturable reactors and magnetic ampli- 
fiers. 


a. Unidirectional load currents. 
2. Feedback. 
a. Amplifiers without feedback. 
b. External feedback. 
c. Internal feedback. 
3. Transfer characteristics. 
a. Nonpolarized, inverse and direct. 
b. Bias-polarized. 
c. Duodirectional. 
4. Review and summary. 
INFORMATION AND DISCUSSION: 
Introduction 
Before studying further the principles 
of elementary magnetic amplifier circuits, 
it is appropriate to discuss the main circuit 


classifications into which magnetic ampli- 
fiers may be grouped, to explain in a 


general way the functions of bias and feed- 
back windings, and to describe the four 
principal types of operating or transfer 
characteristics. 


Reactors and Amplifiers 


In this course, the term "saturable 
reactor" is used specifically to designate an 
assembly consisting of a magnetic core with 
two or more coils wound thereon. It is de- 
signed to amplify or control a signal intro- 
duced through one of the coils by varying the 
impedance of the assembly. The term 
"magnetic amplifier, '' on the other hand, 
will be encountered generally in either of 
two senses. 


In the narrow sense, a magnetic ampli- 
fier is a circuit arrangement with the follow- 
ing characteristics: 


1. A magnetic amplifier uses one or 
more saturable reactors as princi- 
pal components, but rectifiers or 
diodes in load circuits limit current 
flow to only one direction in any one 
winding in a given core. 


2. Only magnetic amplifiers use the 
principle of self-saturation, which 
will be discussed further in this 
topic. 


In the broad sense, the term "magnetic 
amplifier" is applied generally to all in- 
ductively-operated amplifying circuits, and 
may include simple saturable reactors, 
which do not fit into the narrow definition. 
The context will indicate whether the term 
"magnetic amplifier" is used in this broad 
sense or in its narrow sense. 


Feedback 


As with other types of amplifiers, feed- 
back may be used with magnetic amplifiers 
positively to increase gain or develop re- 
generation, or negatively to limit gain, 
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improve output waveform, or improve sta- 
bility. With regard to feedback, magnetic 
amplifiers can be classed in three groups: 


1. Amplifiers without feedback. 
2. Amplifiers with external feedback. 
3. Amplifiers with internal feedback. 


Nonfeedback amplifiers are used in 
Navy equipment far less than feedback types. 


The external feedback type of circuit is 
relatively complex for this part of the course 
and will therefore not be illustrated or dis- 
cussed in detail here. Briefly, the following 
characteristics distinguish this type of cir- 
cuit: 


1. Feedback signals may be used either 
negatively or positively and may be 
regulated by resistors or potenti- 
ometers to vary gain and other feed- 
back effects. 


2. Feedback signals are introduced 
into the saturable reactors in the 
amplifier by use of additional cir- 
cuitry, generally including extra 
coils on the saturable reactor core. 


The internal feedback type of circuit 
uses the magnetic effects of the load wind- 
ings on the cores to develop positive feed- 
back effects, generally to increase gain or 
to drive the amplifier into extreme condi- 
tions of either zero output or full output, as 
in а flipflop. No extra coils or electrical 
circuits are required for internal feedback. 
Self-saturation can be treated as an alter- 
nate name for internal feedback, since 
internal feedback depends upon self-satur- 
ation effects. Internal feedback may be 
combined with external feedback circuits 
in the same amplifier. Internal feedback or 
self-saturating amplifiers are probably the 
most common type of magnetic amplifier to 
be found in Navy equipment. 


Nonpolarized Transfer Characteristics 
If one plots magnetic amplifier or 


saturable reactor load current (ordinate) 
against control current (abscissa), the 





result is а curve called a transfer charac- 
teristic. 


LOAD CURRENT 
IL 


<a — CONTROL CURRENT  +— 
IC 
23. NONPOLARIZED DIRECT TRANSFER 
CHARACTERISTIC 


Above is a nonpolarized direct transfer 
characteristic. It is nonpolarized because 
load current IL does not depend upon the 
direction of the DC control current IC, but 
only upon its magnitude. It is direct because 
load current varies directly with control cur- 
rent; when control current increases, so 
does load current. 


Below is a nonpolarized inverse transfer 
characteristic. Load current IL still does 
not depend upon control current IC polarity; 
hence the characteristic is nonpolarized. 
Unlike the preceding example, however, 
load current varies inversely with control 
current. Maximum load current flows when 
control current is zero, and load current 
goes down when control current increases 
in either direction. 


= 9 -—— |C —— — 4 


24. NONPOLARIZ ED INVERSE TRANSFER 
CHARACTERISTIC 
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Bias-Polarized Transfer Characteristics 


In contrast to the nonpolarized charac- 
teristics, а magnetic amplifier may function 
in either of two polarized modes: bias- 
polarized or duodirectional. 


CONTROL 
WINDING 





BIAS 
WINDING 


25. SINGLE-CORE MAGNETIC AMPLIFIER 
WITH BIAS WINDING AND UNIDIREC- 
TIONAL DC CONTROL CURRENT 


The first of these polarized modes is 
characterized by a bias magnetization, 
usually developed by passing a DC bias cur- 
rent through special windings on the cores. 
In the simple single-core magnetic ampli- 
fier shown above, the bias winding is fed a 
DC current adjusted to required value by 
resistor R1. The amount and direction of 
the bias current is determined by the trans- 
fer characteristic desired. The control cur- 
rent which here serves as input signal is 
regulated in amount by rheostat R2, but 
does not change direction. The transfer 
characteristic desired should give full con- 
trol of the amplifier over its entire effective 
range without requiring reversal in control 
current direction. Such a characteristic is 
shown in the illustration in the top right 
column, 


This characteristic shows that as the 
unidirectional control current is increased, 
load current increases. At zero control 
current, it is evident that there is a small 
residual or "quiescent" current. Adjusting 
the bias current shifts the entire transfer 


characteristic curve laterally; for this 
amplifier, optimum adjustment will permit 
a minimum quiescent current. The maxi- 
mum amplifier output develops at core 
saturation. 


IL 


O 


--—— — – |C c ——— 


26. BIAS- POLARIZED TRANSFER 
CHARACTERISTIC FOR UNIDIRECTIONAL 
DC CONTROL CURRENT 


If the input signal is a reversible DC 
control current, the characteristic should 
provide for load current response to change 
in control current direction as well as mag- 
nitude. If the curve is shifted as shown 
below, the load current will be responsive 
to control current direction and magnitude. 


О 


+ — 


21. BIAS-POLARIZ ED TRANSFER 
CHARACTERISTIC FOR CONTROL BY 
REV ERSIBLE DC CONTROL CURRENT 
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Below is shown a variation of the simple 
magnetic amplifier circuit which permits re- 
versal as well as regulation of the amount of 
DC control current. As is evident in the 
transfer characteristic in the preceding il- 
lustration, an appreciable amount of load 
current flows with zero control current. 


CONTROL 
CIRCUIT 
LOAD CIRCUIT 


т BIAS 
CIRCUIT 


RI 


28. SIMPLE MAGNETIC AMPLIFIER WITH 
BIAS WINDING AND REVERSIBLE 
DC CONTROL CURRENT 


Duodirectional Polarized Circuit 


The duodirectional circuit mode is the 
second variety of the polarized type. 


As the curve shows in the illustration to 
the right, zero control current yields zero 
load current. Control current in the posi- 
tive direction yields a load current with a 


specific phase relationship to an AC refer- 
ence of the same frequency; the load current 
increases with the control current up to sat- 
uration. Reversing the control current flow 
allows a load current to flow which is 1809 
out of phase as compared with the positive 
load current. This polarized circuit mode 
may require biasing, but this depends upon 
circuit design. It is generally associated 
with a "balanced-detector'' input with cir- 
cuit elements similar to a Wheatstone bridge. 
Specific examples of these circuits are dis- 
cussed later in the course. 


Ie — 


29. DUODIRECTIONAL TRANSFER 
CHARACT ERISTIC 
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TOPIC 2: ELEMENTARY SATURABLE REACTORS 


You Are Now Going to Learn: 


1. Functioning of а simple saturable 
reactor. 


2. How induced stray currents are kept out 
of the control windings. 


3. How saturable reactors can be used in a 
typical application—controlling lights. 


Discussion Points for this Topic Are: 


1. Overall functioning of saturable reactor 
circuit. 


a. Relation of control current, core 
flux, and impedance. 


2. Suppressing currents induced in control 
windings by: 


a. Choke. 
b. Series-opposed winding. 
c. Three (3)-legged core. 


3. Using а saturable reactor to control a 
lamp load. 


4. Review and summary. 
INFORMATION AND DISCUSSION: 
Introduction 


The saturable reactor is the simplest 
and the oldest type of magnetic amplifying 
device. It is a true amplifier in that it 
utilizes а relatively small signal to regulate 
a large output. In its simplest form, the 
saturable reactor used in magnetic ampli- 
fiers consists of two coils wound on a ferro- 
magnetic core. One of these is the output 
or load winding, sometimes called the gate 
winding; the other is the control winding. 


Current in the control winding controls 
the impedance of the load winding by varying 
the value of core magnetization. The amount 
of core flux is proportional to the mmf in 
ampere-turns of the reactor windings. И 
the number of turns in the control winding is 
sufficiently large compared to that in the 
load winding, a small control current can 
control a relatively large load current. 


The saturable reactor today has rela- 
tively restricted use in Navy equipment, but 
it is easily understood and offers a good 
point of departure into further study of 
magnetic amplifiers. 


Suppressing Induced Stray Currents in 
Control Winding 


As mentioned earlier, one practical 
difficulty with the saturable reactor is that 
load winding currents induce AC into the 
control winding, causing considerable power 
loss and developing undesirable voltages 
across the DC control current source. 


As shown to the right, there are three 
principal methods for suppressing or reduc- 
ing these undesirable induced currents: 


1. Inserting a choke between the DC 
source and the reactor control 
winding. 


2. Arranging the control windings and 
load windings in pairs so that equal 
and opposite voltages induced by the 
load windings will cancel each other. 


3. Arranging the magnetic circuit so 
that the load windings are distributed 
to have minimum induction effect on 
the control winding. 


The three preceding methods are often 
used in combination. 
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SOURCE 
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30. SINGLE-CORE SATURABLE REACTOR, CHOKE PROTECTS CONTROL WINDING 


CORE | 


TO 









CONTROL 


WINDING LOAD WINDING 


SCR CONTROL AC 


CORE 2 


31. TWO-CORE SATURABLE REACTOR, SERIES-OPPOSED CONTROL WINDINGS 
PREVENT INDUCTION EFFECTS 














TO 
LOAD 
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А simple saturable reactor circuit 
used to regulate the brightness of a lamp or 
a battery of lamps is illustrated below. In 
this application the input signal is deter- 
mined by the position of potentiometer (R1) 
wiper arm, manually applied. The DC 
source is a battery. The direction of DC 
control current is not significant. A choke 
L1 is used to suppress currents induced by 
the load winding in the control circuit. 


With control current IC at zero, all mag- 
netomotive force in the reactor is produced 
by the AC in the load winding. The unsatu- 
rated core allows the reactor to function as 
a choke, so that there is minimum current 
flow through the load winding because of its 
high impedance. The lamps do not receive 
enough current to light. As IC increases, 
the control winding develops increasing mmf. 
This reduces the magnitude of the AC field 
produced in the core by the load coil, and 
as a result reduces the amount of self- 
induction. AC impedance drops, allowing 
increasing current to flow from the power 
source through the lamps. With IC at a 
maximum, the DC-produced mmf in the 
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WINDING WINDING 


control winding saturates the core. With the 
core saturated, the impedance of the load 
winding is effectively reduced to a very low 
resistance value and the lamps light at full 
brilliance. 


When the functioning of the saturable 
reactor was described in an earlier topic, 
it was pointed out that when a DC control 
current and an AC load current flow in a sat- 
urable reactor, the output or load current 
opposes the control current during one-half 
cycle. This partially desaturates the core, 
and the control winding must resaturate it 
every cycle. This reduces the power gain 
of the reactor. Power gain is the ratio of 
change in the control power to change in load 
or output power. All saturable reactors have 
this disadvantage. It can be eliminated by 
modifying the circuitry so that current in 
each load winding always flows in one direc- 
tion. Although it may change in amount, 
flux in each load winding core will then al- 
ways be in the same direction. This essen- 
tially is the modification that converts a 
saturable reactor into a magnetic amplifier. 


LAMP 
LOAD 
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TOPIC 3: HALF-WAVE MAGNETIC AMPLIFIERS 


You Are Now Going to Learn: 


1. Simple half-wave magnetic amplifier 
circuits. 


2. Relation between firing point and initial 
core saturation. 


3. Direct and inverse transfer character- 
istic: relationship with B-H curve. 


Discussion Points for this Topic Are: 


1. Simple half-wave magnetic amplifier 
circuit function. 


a. B-H curve. 
b. Firing point. 


2. Load current saturation effect. 


a. In amplifiers where load current 
does not saturate core. 


b. In amplifiers where load current 
does saturate core. 


3. How above effect influences transfer 
characteristic. 


4. Review and summary. 


Li 





INFORMATION AND DISCUSSION: 


The simplest magnetic amplifier cir- 
cuit is the half-wave type, illustrated below 
with a simplified B-H curve. B stands for 
flux density, H for mmf. This is fundamen- 
tally the same circuit as the saturable reac- 
tor circuit, except for the addition of a recti- 
fier or a diode in the load circuit. 


Consider operation of the circuit when 
the initial flux of the amplifier is zero, 
shown as point 3 on the B-H curve. Control 
current is assumed to be zero. When the 
half-cycle of the supply voltage which causes 
the rectifier to conduct is applied to load 
winding WL, the following action takes 
place: 


Initially, the core is not saturated and 
its inductance is very high. At this time, 
very little current flows through the load 
winding, WL, and the load. This current 
develops increasing flux in the core. Part 
way through the half-cycle, the core reaches 
magnetic saturation. Flux density reaches 
point 5 on the B-H curve, This is called the 
firing point. 
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35. LOAD VOLTAGE AND FIRING POINT 


Now let the cycle begin with the initial 
flux density set at point 4 on the B-H curve. 
Under this condition the core will saturate 
earlier on the half-cycle of the input voltage 
and appreciable voltage will be applied 
across the load for a greater portion of the 
half-cycle. If the initial flux density had 
been set at point 2 on the B-H curve, the 
core would have saturated later in the half- 
cycle and the voltage would have been applied 
to a load for a lesser time. 


This explains how the initial set, or 
operating point, of the core flux affects the 
amount of current that passes through the 
load winding during the first, or gating, 
half-cycle. During the second, or reset, 
half-cycle the diode prevents current in the 
reverse direction from flowing through the 
load winding. If there is no control current, 
the core operating point will retreat toward 
the intersection of the B and H axes, since 


the core is nonretentive. During the reset 
half-cycle, however, while the load current 
is not interfering, a DC control current can 
operate to accomplish the following: 


1. Keep the core saturated or close to 
saturation, around points 4 or 5 on 
the B-H curve. 


2. Drive the core toward saturation in 
the opposite direction, around points 
1 or 2. 


3. Set the core operating point at 
any desired position in this range. 


When the control current operates as 
in No. 1, the amplifier is said to be self- 
saturating, or operating with internal feed- 
back, since the load current tends to drive 
the core toward saturation in the same 
direction as the control current. This 
mode of operation is typically associated 
with amplifiers in which load current does 
not saturate the core when the control cur- 
rent is zero. 


Another way to state this is to say that 
this mode of operation is associated with 
amplifiers with direct transfer character- 
istics. 


Control current operation as in No. 2 
is generally associated with amplifiers with 
inverse transfer characteristics; that is, 
those in which normal load currents fully 
saturate the core, зо that increased 
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control currents tend to reduce load cur- than the simple saturable reactor. When 
rents. operating as in No. 1, the control current 
is required to supply only а minimum of 
№. 3 is a compromise adjustment power during the reset half-cycle to drive 
which depends upon design considerations. the core toward saturation, since the load 
current has been driving it in the same di- 
It should also now be evident why the rection. The control current does not have 
magnetic amplifier with unidirectional load to "fight" the load current. 


current is more efficient as an amplifier 
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TOPIC 4: POLARIZED FULL-WAVE 
MAGNETIC AMPLIFIERS 


You Are Now Going to Learn: 


1. 


Basic full-wave magnetic amplifier cir- 


cuit. 


Bias-polarized amplifier basic circuit 
and transfer characteristics. 


Effect of bias current on transfer 
characteristic. 


Duodirectional amplifier circuit and 
transfer characteristic. 


Waveforms typical of basic full-wave, 
bias-polarized, and duodirectional 
amplifiers. 


Discussion Points for this Topic Are: 


1. 


38 


Basic full-wave circuit (common in 
general configuration to both bias- 
polarized and duodirectional types). 


a. Emphasize distinction between B-H 
curve and transfer characteristic. 


Bias-polarized circuit. 


a. Effect of bias change is to shift 
transfer characteristic laterally. 


Duodirectional circuit. 
a. Polarity changes with control 


current direction. 
b. Full output in either direction. 


Explain: 


a. Basic full-wave output waveform. 


b. Bias-polarized amplifier waveform. 
с. Duodirectional amplifier waveform. 


Review and summary. 


INFORMATION AND DISCUSSION: 
Introduction 


The polarized magnetic single-stage 
full-wave amplifiers to be discussed here 
are the last of the elementary circuits to be 
taken up in part 1 of this course. An under- 
standing of these circuits, along with the 
saturable reactor and half-wave magnetic 
amplifier discussed earlier, equips the 
student to take up the more complex circuits 
in part 2 of this course. The more complex 
circuits are basically elaborations of the 
elementary circuits. 


Basic Full-Wave Amplifier Circuit 
Description 


As shown in the diagram to the right, 
the elementary full-wave magnetic amplifier 
is a single-stage circuit, using two cores, 
each with a control winding, WC1 and WC2, 
and a load winding, WL1 and WL2. The load 
circuit for each core contains a series recti- 
fier, CR1 and CR2. The load current in each 
core therefore can flow in only one direction, 
and will develop a corresponding flux indi- 
cated by the heavy arrow. Thus, the load 
current always tends to drive the operating 
point in only one direction. For this exam- 
ple, this direction may in each core be 
taken to be upward and to the right on the 
B-H curve. 


Consider the operation of the basic 
amplifier with zero control current. Current 
from the AC source flows in each core in the 
direction indicated by the heavy arrow. Dur- 
ing one half-cycle, the current flows through 
core 1, and during the other, through core 2. 


With the operating point at O, the im- 
pedance of core 1, as supply voltage is 
applied to the load winding at the beginning 
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37. BASIC FULL-WAVE AMPLIFIER AND В-Н CURVE 


of the AC half-cycle, is relatively high. 
During the first 900 of the first half-cycle, 
the voltage rises continuously, forcing a 
small current through the winding. This 
current shifts the operating point up the 
B-H curve away from O and toward 1. By 
the time the voltage has reached its peak 
and has begun to decline, the operating 
point has shifted appreciably and the core 
impedance has been reduced enough to per- 
mit some current to flow during the remain- 
der of the cycle. 


During the next half-cycle, rectifier 
CR1 blocks current flow in core 1, but CR2 
permits current to flow in core 2, in which 
substantially the same thing happens during 
this half-cycle as explained for core 1. 


Thus, with zero control current, a 
certain amount of current is fed to the load 
from both cores, as shown below. Note that 
although only pulsating DC flows through 
each core's winding, the load receives АС. 
Hence, this is a full-wave circuit, 


AC REFERENCE (SINE WAVE) 
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Bias-Polarized Full-Wave Amplifier 


+ IL 






/ 
FÀ BIAS 


* |C 


39. TRANSFER CHARACTERISTIC FOR 
SIMPLE FULL-WAVE CIRCUIT 
WITH AND WITHOUT BIAS 


The broken-line transfer characteristic 
for this basic full-wave amplifier shows, in 
the diagram above, that a positive control 
current will increase load current and nega- 
tive control current will reduce it. It also 
shows, however, that while considerable 
increase is possible, the already small load 
current at zero control current cannot be 
reduced by much. If it is desired that the 
possible amount of decrease be approxi- 
mately equal to the possible amount of 
increase, as would normally be true in a 
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polarized amplifier, it is necessary to shift 
the characteristic curve to coincide with the 
solid line. 


This shift of the characteristic curve is 
accomplished by biasing the core. Essen- 
tially, the bias is magnetic, and can be 
introduced by building a small permanent 
magnet of suitable strength in the core 
structure. More commonly, bias windings 
are added to the core and fed from a DC 
source, as shown below. Under normal 
circumstances, bias current does not vary 
in amount or direction. А bias-regulating 
potentiometer, R1, is shown in the diagram 
here; this provides for changing the charac- 
teristics of the amplifier or for making 
adjustments required because of aging of 
selenium rectifiers. The direction and the 
amount of bias current required depend upon 
the desired transfer characteristic and the 
number of turns in the bias winding. It is 
also possible to add bias without using 
special bias windings by connecting the bias 
source to the control winding. 


In the diagram, the windings are identi- 
fied as follows: 


Load WL1, WL2 
Control WC1, WC2 
Bias WB1, WB2 


IL 
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Now let a positive control current flow 
in WC1 and WC2. The output of each core, 
as shown by the solid line in the diagram 
below, increases. Conversely, with nega- 
tive control current, the output of each core 
drops to quiescent or null level, very nearly 


zero. Thus, the two cores work in push-pull. 
It will be noted that biasing plus control cur- 


rents in this circuit yields quantitative 


changes in output in response to direction 
and amount of control current. This circuit 
does not provide for load current changes in 
polarity with respect to an AC reference. 
Notice that the load current is at some small 
value, not exactly zero, at all times. This 
is due to quiescent current flow in the load 
circuit. Although the impedance of the load 
circuit is high, some current will flow. 
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Duodirectional Polarized Circuit 


Two principal differences exist between 
the bias-polarized full-wave circuit and the 
duodirectional full-wave circuit: 


1. The duodirectional circuit does not 
inherently require biasing or the 
equivalent, although bias windings 
are generally used to adjust quies- 
cent currents and compensate for 
aging of diodes. 


2. In the duodirectional circuit, the 
control coils WC1 and WC2 are 
wound series-aiding; load coils 
WL1 and WL2 are wound series- 


opposing. 


The heavy arrows indicate the flux 
developed by load currents. Load flux is 
always in one direction in each core, but 
load flux in one core is always opposed to 
load flux in the other. 


The light arrows indicate control cur- 
rent flux direction. Control flux may be in 





either direction depending upon the signal, 
but it is always in the same direction in both 
cores. 


The transfer characteristic below shows 
that amplifier output varies not only with the 
amount of control current but also with its 
direction. 


Full output occurs with full control cur- 
rent in either direction, but, as indicated to 
the right in the waveforms diagram, the out- 
put in one condition is 180% out of phase with 
that of the other. This represents a com- 
plete reversal in output polarity. 


Such an output may be used in an appli- 
cation such as driving a servo induction 
motor equipped with two field windings that 
are in quadrature. Motor direction will de- 
pend upon the direction of the control cur- 
rent. 


With zero control current, a residual 
or quiescent output will develop, with equal 
current in each load winding. 


+ IL 


-L 
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QUIZ SHEETS: 
Answer the following questions. 
1. Magnetic amplifiers use one or more 
celte. Е 
2. Positive feedback may be used with 


magnetic amplifiers to 
gain or develop 


3. Negative feedback may be used with 
magnetic amplifiers to 


gain or stability. 
4, Name three classes of magnetic 

amplifiers. 

a. 

b. 

c 


5. An alternate name for internal feedback 
is 


6. A plot of load current against control 


current is а curve, 


7. In a nonpolarized direct transfer 
characteristic: 


a. It is nonpolarized because 


b. It is direct because 


10. 


11. 


12. 


14. 


QUIZ 


13. 


Two modes of polarized characteristics 
are: 


a. 
b. 


Name the three methods used to pre- 
vent AC from the load windings being 
induced in the control winding of a 
saturable reactor. 


a. 
b. 
с 


The addition of а 
in the load winding converts a satura- 


able reactor into а magnetic amplifier. 


What determines the firing point on 
а В-Н сигуе? 


What two values are plotted on а В-Н 
curve? 


Shifting the transfer characteristic 
curve is accomplished by 
the core. 


In a duodirectional amplifier, the 


output varies with and 
of the control current. 
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(ADVANCED COURSE IN MAGNETIC AMPLIFIERS) 


PART 2 


Section 1 


TWO-CORE MAGNETIC AMPLIFIERS 


Topic No. Topic Title Page 
1. Bias- Polarized Amplifier. . . . . . . . . . . о . 48 
2. Balanced Push-Pull Amplifier with Bias Windings . . . . . . . 92 
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2-1-1 TWO-CORE MAGNETIC AMPLIFIERS 


TOPIC 1: 


You Are Now Going to Learn: 


1. How changes in control current affect 
load current in bias-polarized ampli- 
fiers. 


2. Typical bias-polarized amplifier 
circuits. 


Discussion Points for this Topic Аге: 


1. Transfer characteristics of bias- 
polarized amplifier. 


a. Unidirectional load currents. 

b. Bidirectional control current 
and its effect. 

c. How shift of transfer character- 
istic modifies operating range 
and quiescent current. 


2. Functioning of circuit with bias winding. 


3. Circuit operation with control winding 
functioning as bias winding. 


4. Review and summary. 
INFORMATION AND DISCUSSION: 


Polarity-sensitive or polarized mag- 
netic amplifiers respond to direction as well 
as to magnitude of the applied control cur- 
rent. Amplifiers of this type typically have 
an asymmetrical transfer characteristic and 
have at least two cores. It is evident from 
the solid-line curve to the right that the 
load current permitted by a given value of 
negative control current will differ from 
that permitted by a similar, but positive, 
control current. As control current in- 
creases in the positive (+IC) direction from 
zero, load current (IL) increases. As con- 
trol current increases in the negative (-IC) 
direction from zero, load current (IL) is 
reduced. 
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44. ASYMMETRICAL TRANSFER CHARAC- 
TERISTIC OF A POLARITY-SENSITIV E 
AMPLIFIER 


Such an asymmetrical transfer charac- 
teristic can be produced by a bias winding on 
each core. On the page opposite is dia- 
grammed a typical two-core bias-polarized 
magnetic amplifier, using bridge-connected 
diodes in the bias circuit and an AC output 
toload RL. Bias current IB is adjusted to a 
value that fixes the transfer characteristic at 
a desired position (solid line in diagram 
above) so that the magnetic amplifier will 
discriminate between positive and negative 
signals, with positive control signals in- 
creasing output while negative control sig- 
nals reduce output. It will be noted, however, 
that load current never changes direction with 
respect to the AC supply. 


In the amplifier diagrammed on the page 
opposite, AC is applied to the load windings 
of reactors 1 and 2 in series with the load and 
also to full-wave bridge rectifiers CR. The 
rectifiers permit a unidirectional bias cur- 
rent to flow in the direction indicated through 
R2, through the bias windings B1 and B2, and 
through R1. The bias current is proportional 
to the supply voltage, and produces a steady 
core magnetization of a fixed value, adjusted 
by the values of R1 and R2. A change in bias 
current will adjust laterally the position of 
the transfer characteristic curve (solid line) 
illustrated above, so that it crosses the 
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45. BIAS-POLARIZ ED AMPLIFIER WITH BIAS WINDINGS 


vertical axis at a different point. This 
regulates the amount of load current that 
flows at zero control current. Unlike con- 
trol current, bias current flows continu- 
ously in one direction only. Bias current 
may be adjusted to compensate for aging of 
selenium rectifiers; ordinarily it is not 
otherwise used to control amplifier output. 


Increasing control current in the posi- 
tive direction increases load current; 
reversing control current reduces load 
current. Thus, the amplifier responds to 
the direction of its control current; load 
current flow is dependent upon control 
current direction as well as quantity. 

Note that a substantial load current flows 
when control current is zero. 


It is possible to bias the amplifier so 
that load current is negligible when control 
current is zero, as shown by the broken- 
line curve in the diagram to the left. If this 
is done, the amplifier obviously cannot re- 
spond to a change in control current polarity 
by a change in the amount of load current. 
However, the control current can, under 
these conditions, regulate amplifier output 
through its entire range without reversing 
polarity. Such biasing may therefore be 
used where control current is always posi- 
tive and maximum range of control is 
desired. 
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The bias-polarized magnetic amplifier 
shown below is similar to that previously 
described, but although it uses bias, it has 
no separate bias windings. In this circuit, 
bias current produced by the bridge recti- 
fiers flows through the control windings of 
the two cores with the control current. The 
control windings then serve for both control 
and bias purposes. 


Except for the fact that WC1 and WC2 
serve as both control and bias windings, the 


transfer characteristic of the amplifier 
diagrammed below can be considered as iden- 
tical with that of the amplifier discussed 
previously in this topic. Its advantage is 
simplified core construction, since one 
winding is omitted on each core. On the 

other hand, bias voltages are impressed on 
the control voltage source. Depending upon 
the circuitry preceding the control current 
input, this may be undesirable. The bias 

and control circuits of the amplifier discussed 
on the preceding page are electrically isolated. 
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TOPIC 2: BALANCED PUSH-PULL AMPLIFIER 
WITH BIAS WINDINGS 


You Are Now Going to Learn: 


1. Transfer characteristic associated with 
this type of amplifier. 


2. Typical push-pull circuit. 


Discussion Points for this Topic Are: 


1. Relationship of control current direction 
to load current polarity (phase). 


2. Purpose of bias windings. 

3. Detailed circuit functioning. 
4. Review and summary. 
INFORMATION AND DISCUSSION: 


The bias-polarized magnetic amplifiers 
of Topic 1, when adjusted to do so, can 
distinguish between control current polari- 
ties. However, they can only change the 
magnitude of a load current without changing 
its direction with respect to the AC supply. 
The push-pull or duodirectional magnetic 
amplifier not only can distinguish control 
current polarity, but can change the polar- 
ity of the load current to conform with the 
control current direction. 


The duodirectional amplifier transfer 
characteristic is illustrated to the right. 
When IC equals O, IL equals O. When IC 
increases in a positive direction, IL in- 
creases in a positive direction. When IC 
moves in a negative direction, IL follows. 


The push-pull magnetic amplifier has 
the following advantages: 


1. With its duodirectional output, 
theoretically zero output develops 
in the absence of control voltage. 


2. It has good stability, with voltage 
variations in both sections cancel- 
ing each other. 


3. The linear range over which the 
device operates is greater than that 
of a single-ended unit. 


+ IL 


-IC +1С 


=L 


47. TRANSFER CHARACTERISTIC OF A 
PUSH-PULL AMPLIFIER 


The two-core push-pull magnetic ampli- 
fier circuit diagrammed to the right uses 
two similar saturable reactors, 1 and 2, 
each having a bias winding WB, control 
winding WC, and load winding WL. Bias 
windings WB1 and WB2 are connected in 
series. They adjust the operating point of 
each core for minimum quiescent current 
with zero control signal. 


With zero control signal on the half- 
cycle when the AC supply voltage has the 
circled polarity, electrons flow from the 
negative side of the AC supply through load 
winding WL1, rectifier CR1, resistor R1, 
and rectifier CR3, back to the positive side. 
During the same half-cycle, electrons flow 
similarly through load winding WL2, recti- 
fier CR8, resistor R2, and rectifier CR6 
to the AC supply. On the next half-cycle, 
rectifiers CR2 and CR4 conduct in the upper 
portion of the circuit, and CR5 and CR" con- 
duct in the lower portion. The voltages 
developed across R1 and R2 remain the 
same in magnitude and polarity as they were 
on the first half-cycle. 
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Thus, with zero control current, equal 
but opposite alternating currents go through 
both load windings and through their asso- 
ciated external resistors R1 and R2. Volt- 
ages to the load develop across these 
resistors. Because both reactors have 
equal impedance at this time, the voltages 
developed across these resistors are equal 
but opposite. Consequently, no output load 
voltage develops. 


When DC control current flows through 
series-opposing control windings WC1 and 
WC2, the DC core flux produced aids the 
flux produced by one of the reactor load 
windings, but opposes that in the other. The 
voltage developed across one of the external 


resistors then increases while the other de- 
creases. А resultant load output voltage of 
specific polarity appears. If the control 
current polarity is reversed, the entire 
operation reverses, and a load output volt- 
age of opposite polarity develops. Thus, 
amplifier output is a function of the control 
current in both magnitude and polarity. 


In certain applications, resistors R1 
and R2 may be replaced by two equal wind- 
ings; for example, in a relay, solenoid, or 
motor field. In this arrangement, the fluxes 
produced by the two equal windings will buck 
each other and develop a resultant magneto- 
motive force which is a function of magnitude 
and polarity of applied control current. 
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QUIZ SHEETS: 


Answer the following questions. 


Polarity sensitive magnetic amplifiers 
respond to both and 

of applied 
current. 


To shift the transfer characteristic 
curve laterally, the 
is adjusted. 


Control current in а negative direction, 
causes load current to 


In an unidirectional amplifier, the 
amplifier is biased whereby control 
current is ; 


QUIZ 


TWO-CORE MAGNETIC AMPLIFIERS 2-1 





Name one disadvantage and one advan- 
tage of a bias-polarized amplifier with 
NO bias windings. 


A magnetic amplifier which can distin- 
guish control current polarity by an 
according change in load current is 
called 


The transfer characteristic of a duo- 

directional amplifier shows that as IC 

increases, in a positive direction, IL 
in a 

direction. 
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2-2-1 CIRCUITS WITH EXTERNAL FEEDBACK 


TOPIC 1: 


You Are Now Going to Learn: 


1. Types of feedback and their characteris- 
tics. 


2. Effects of positive and negative feedback 
in magnetic amplifiers. 


Discussion Points for this Topic Are: 


1. External feedback may be positive or 
negative. 


2. Internal feedback is normally positive 
only. 


3. Increasing positive feedback increases 
transfer characteristic curve slope. 


4. Core flux in feedback compared with 
nonfeedback amplifiers. 


5. Snap effect. 

6. Review and summary. 
INFORMATION AND DISCUSSION: 
Types of Feedback 


When it is required that maximum gain 
be obtained in a single stage, magnetic am- 
plifiers use positive or regenerative feed- 
back, 1.е., feeding part of the output to the 
input circuit, so that the output is added to 
the input signal. When it is necessary to 
reduce gain or to improve output waveform, 
negative feedback is applied; that is, part 
of the output is fed back to the input and is 
subtracted from the input signal. When 
feedback, either positive or negative, is 
accomplished by using a special inductively 
coupled winding, it is called external or 
extrinsic feedback. 


It is possible also to have a feedback 
effect by allowing load current to flow in 
only one direction in a load winding, and 
thus develop flux in only one direction. 


EFFECTS OF EXTERNAL FEEDBACK 


This is called internal, intrinsic, electric, 
or self-saturated feedback. In circuits using 
this type of feedback, a single rectifier or a 
rectifier bridge network is connected in 
series with the load to limit load winding 
current flow to one direction. Internal feed- 
back is commonly used for positive feedback 
only. 


Transfer Characteristics of Positive 
Feedback Amplifiers 


The amount of feedback will determine 
the final shape of the characteristic curve, 
as shown on the page opposite. Аз positive 
feedback increases, the slope of the curve in 
the positive region increases, while slope in 
the negative region decreases. This shows 
how increases in amount of positive feedback 
lead to increases in gain. The slope of the 
section of curve between points А and В in 
the upper diagram, opposite, is determined 
by the percentage of feedback, as shown in 
the lower diagram. Аз feedback is increased, 
the slope increases so that the load current 
for a given change in control current varies 
more for a positive feedback amplifier than 
for a nonfeedback unit. 


It should be understood that both circuits, 
feedback and nonfeedback, actually require 
the same total core flux fluctuation to pro- 
duce a given effect. In a nonfeedback ampli- 
fier, the flux is produced solely by the direct 
control current. In an external feedback 
amplifier, it is produced jointly by control 
current and the feedback current. In the 
latter, less DC control current is conse- 
quently required for a given effect. 


If positive feedback is increased above 
100 percent, the amplifier becomes unstable 
and is likely to "snap" into maximum con- 
duction even when positive control current is 
very small. To maintain good stability, the 
feedback factor is usually kept below 85 per- 
cent. 
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49. TRANSFER CHARACTERISTIC OF NONFEEDBACK AMPLIFIER COMPARED 
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TOPIC 2: EXTERNAL FEEDBACK AMPLIFIER 
FOR AC LOAD 


You Are Now Going to Learn: 


1. Functioning of external feedback 
amplifier with AC load. 


Discussion Points for this Topic Are: 
1. Feedback winding. 


2. Amplifier functioning. 
3. Review and summary. 
INFORMATION AND DISCUSSION: 


For purposes of external feedback, a 
special winding, a feedback winding WF, is 
added to each reactor. To produce a posi- 
tive feedback or regenerative effect, the 
flux produced by this winding must aid that 
produced by the control winding. For in- 
verse or negative feedback, the fluxes must 
oppose. 


An elementary positive feedback ampli- 
fier capable of operating into an AC load is 
shown on the page opposite. In following 
the circuit operation, it will be assumed 
that the AC supply is on the half-cycle hav- 
ing the circled polarity. Electrons flow 
from the negative end of the supply through 
rectifier CR1, feedback winding WF1, the 
series-connected load windings WL1 and 
WL2 of both reactors, and load RL back to 
the supply. On the next half-cycle, electrons 
flow through load RL, both load windings, 


feedback winding WF2, and rectifier CR2. 
Electron flow is always in the same direc- 
tion through the feedback windings, regard- 
less of the supply half-cycle. Flux produced 
around the feedback windings therefore al- 
ways has the same polarity. 


This amplifier drives AC load RL; 
electron flow through the load changes di- 
rection on alternate half-cycles. 


For the positive feedback effect, the 
flux produced by the control windings must 
be aided by that produced by the feedback 
windings. The fluxes will aid, producing 
positive feedback, when the DC control cur- 
rent has the indicated polarity. During a 
given half-cycle, as load current increases 
in response to increased control current, 
load windings WF1 and WF2 develop in- 
creased flux in the same direction as the 
control windings. This drives the cores to 
saturation earlier in the half-cycle, increas- 
ing the total load winding output to load RL. 


If control polarity is reversed, negative 
feedback occurs. During a given half-cycle, 
as load current increases in response to 
increased control current, the load windings 
again develop increased flux, but this time 
the load winding flux opposes that of the 
control windings. The cores therefore re- 
main relatively unsaturated; the load wind- 
ings consequently have a high impedance as 
seen by the load current, and the load cur- 
rent through RL is correspondingly reduced. 
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TOPIC 3: EXTERNAL FEEDBACK AMPLIFIER 
FOR DC LOAD 


You Are Now Going to Learn: 


1. Functioning of external feedback ampli- 
fier for DC load. 


Discussion Points for this Topic Are: 


1. Feedback winding configuration and 
functioning similar to that in Topic 2. 


2. Bridge configuration of diodes in feed- 
back-load circuit. 


3. Detailed functioning of circuit. 
4. Review and summary. 
INFORMATION AND DISCUSSION: 


Another elementary positive feedback 
amplifier is shown on the page opposite. 
This amplifier drives a DC load. Whenthe 
AC supply has the circled polarity, electrons 
flow through rectifier CR1, feedback winding 
WF1, load RL, the series-connected load 
windings WL1 and WL2, and rectifier CR4. 
On the next half-cycle, rectifiers CR2 and 
CR3 conduct; electrons flow through CR3, 
RL, WL1 and WL2, WF2, and CR2. On 
both half-cycles, the voltage developed 
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across RL has the same DC polarity. The 
fluxes produced around the control and feed- 
back windings aid each other when the DC 
control current has the indicated polarity. 


As in the amplifier discussed in the 
preceding topic, feedback may be either 
negative or positive, depending upon the di- 
rection of feedback coil current with respect 
to the direction of control coil current. In 
the diagram on the page opposite, the con- 
trol current direction will cause positive 
feedback to develop. At an instant when the 
AC supply has the encircled polarity, load 
current electrons flow through rectifier CRI, 
feedback winding WF1, load RL, load wind- 
ings WL1 and WL2, and through CR4 back to 
the AC source. On the next half-cycle, they 
flow through CR3, RL (in the same direction 
as in the preceding half-cycle), WL1 and 
WL2, WF2, and through CR2 back to the AC 
source. Thus, the feedback windings are 
energized alternately in each half-cycle, 
but always in the same direction as the 
control windings. Even though a unidirec- 
tional current flows through RL, the func- 
tioning of this circuit is essentially the same 
as that of the circuit described in the pre- 
ceding topic. 


EXTERNAL FEEDBACK AMPLIFIER FOR DC LOAD 


CIRCUITS WITH EXTERNAL FEEDBACK 2-2-3 









DC 
CONTROL 
SOURCE 


52. EXTERNAL FEEDBACK AMPLIFIER WITH DC LOAD 


EXTERNAL FEEDBACK AMPLIFIER FOR DC LOAD 63 


2-2-4 CIRCUITS WITH EXTERNAL FEEDBACK 


TOPIC 4: PUSH-PULL EXTERNAL FEEDBACK 
MAGNETIC AMPLIFIER 


You Аге Now Going to Learn: 


1. Functioning of push-pull external 
feedback magnetic amplifier. 


Discussion Points for this Topic Are: 


1. Current flow in circuit during each 
half-cycle of AC supply. 


a. Effect of series-opposed control 
windings. 

b. When control current is zero, 
equal quiescent currents flow in 
load windings during successive 
half-cycles. 


2. How control current determines load 
current polarity. 


a. Control current flux, depending 
upon direction, increases imped- 
ance in one core and decreases it 
in the other. 

b. Control current in a given direction 
causes increase in load current in 
alternate half-cycles and reduction 
in other half-cycles. 

c. Reversing control current reverses 
above effect. 


3. Review and summary. 
INFORMATION AND DISCUSSION: 


A two-core push-pull magnetic ampli- 
fier circuit using positive external feedback 


for improved gain is shown on the page 
opposite. Feedback windings WF1 and WF2 
are in series aiding, while load windings 
WL1 and WL2 are in series opposing. 

Thus, a positive load current (that is, one 
that flows in the direction indicated by the 
encircled polarity) will cause WL1 and WF1 
in core 1 to develop flux in the same direc- 
tion, while in core 2 the same current will 
cause WL2 and WF2 to develop opposing 
flux. A negative load current, in the direc- 
tion indicated by the noncircled polarity, 
causes WL2 and WF2 to develop flux in the 
same direction, and WL1 and WF1 to oppose. 
Control windings WC1 and WC2, like the load 
windings, are wound series opposing. 


When control current is zero, quies- 
cent currents of about equal magnitudes flow 
in the load windings during alternate half- 
cycles. A DC control current tends to in- 
crease impedance in one core and decrease 
it in the other. This increases load-feedback 
circuit current flow in one half-cycle and 
cuts it down in the other. 


This amplifier's output polarity with 
respect to the AC supply depends upon con- 
trol current direction; it has a duodirectional 
transfer characteristic. The effect of the 
feedback windings is to drive one core to- 
ward saturation and to cause the other to 
desaturate whenever any current flows in 
the control winding; which core does which 
depends upon control current direction. 
The student may trace this effect in the 
circuit, 
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QUIZ SHEETS: 


Answer the following questions. 7. Feedback effect can be reversed by 
reversing current. 
1. Feedback is accomplished by feeding 
part of the to the 8. In an external feedback amplifier for 
circuit. | DC load, the voltage developed across 
RL has what polarity on each half- 
2. Positive feedback is also known as cycle? 
feedback. 
9. Ina push-pull external feedback mag- 
3. What type of feedback uses а special netic amplifier, the load windings and 
inductively coupled winding? control windings are wound 
4. When load current is allowed to flow 
in only one direction, the resultant 10. In the above circuit, the feedback 


feedback is , windings are wound 


5. For good stability, the feedback factor 
should not exceed percent, 


6. What components in an external feed- 
back amplifier circuit with an AC load 
keep electron flow through the feedback 
windings WF in the same direction re- 
gardless of supply polarity? 
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1. Two-Reactor Internal Feedback Amplifier. . . . . . . . . . 70 
2. Compound Feedback Magnetic Amplifier . . . . . . . . . . 72 
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2-3-1 CIRCUITS WITH INTERNAL FEEDBACK 


TOPIC 1: TWO-REACTOR INTERNAL 
FEEDBACK AMPLIFIER 


You Are Now Going to Learn: 


1. Circuit of internal feedback amplifier 
for AC load. 


2. Circuit of internal feedback amplifier 
for DC load. 


Discussion Points for this Topic Are: 


1. Electron flow through two-core, AC 
load, internal feedback amplifier 
circuit, 


a. Rectified half-wave current pulses 
in load winding develop internal 
feedback effect. 


2. Transfer characteristic similar to that 
for external feedback. 


3. Feedback effect depends upon parallel 


control current and load current polarity. 


a. Feedback effect is positive for 
selected control current direction. 

b. Reversing control current com- 
pletely changes circuit functioning. 

c. Quiescent current flows on zero 
control current. 


4, Electron flow through internal feedback 
amplifier for DC load. 


a, Improves stability in inductive load. 
b. Alternate paths for stray currents. 


5. Review and summary. 
INFORMATION AND DISCUSSION: 
Internal Feedback Amplifier for AC Load 


A two-reactor self-saturating magnetic 
amplifier is illustrated on the page opposite 
(top). 


In tracing electron flow in this circuit, 
it will be assumed that the instantaneous po- 
larity of the AC voltage is as circled. On this 
half-cycle, electrons flow through rectifier 
CR2, load winding WL2, and load RL. On the 
next half-cycle, electrons flow through the 
load in the opposite direction and through load 
winding WL1 and rectifier CR1. 


From the circuit operation described 
thus far, it is obvious that rectified half-wave 
pulses of current flow in each of the reactor 
load windings, so that internal feedback is 
produced by the DC component of the pulses. 
Furthermore, an AC voltage develops across 
load resistance RL. 


The polarity and magnitude of the DC 
control current will determine the amplitude 
of the AC voltage developed across the load. 
With one polarity, the core flux produced by 
the control current will aid the flux generated 
around the load windings. This will reduce 
the impedances of the cores and, at satura- 
tion, allow maximum voltage across the load. 


In the transfer characteristics of the 
internal feedback or self-saturating circuit, 
it will be noted that for positive values of 
control current, control flux aiding load flux, 
load current rises to saturation. For nega- 
tive values of control current, control flux 
opposing the load flux, the load current de- 
creases to a minimum, and then starts to 
rise slowly. A definite quiescent current, 
i.e., the value of IL when IC is zero, can be 
observed on the curve. It will be noted also 
that the transfer characteristic is similar to 
that of the basic external feedback circuit 
described earlier. 


Internal Feedback Amplifier for DC Load 
A two-reactor internal feedback ampli- 


fier circuit with four bridge-connected 
diodes that feed a full-wave output into a 
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54. TWO-REACTOR INTERNAL FEEDBACK AMPLIFIER, АС LOAD 


DC load is shown below. In this bridge operating with an inductive load. In many 
circuit, electron flow is through rectifiers circuits, counter emf developed in an in- 
CR2 and CR3 on one half-cycle of the AC ductive load forces currents through the 
supply, and through CR1 and CR4 on the magnetic amplifier windings which cause 
next half-cycle. The load voltage has the disruptive flux changes in the cores. The 
polarity shown. bridge circuit prevents this by providing 
discharge paths through which stray counter 
One interesting characteristic of this currents can flow without going through the 
circuit is that the bridge configuration in- load windings of the amplifier. The student 
creases the stability of the circuit when can trace these paths in the diagram below. 
CORE | CRI CR2 
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2-3-2 CIRCUITS WITH INTERNAL FEEDBACK 


TOPIC 2: COMPOUND FEEDBACK 
MAGNETIC AMPLIFIER 


You Are Now Going to Learn: 


1. Functioning of а compound feedback 
magnetic amplifier. 


Discussion Points for this Topic Are: 


1. Electron flow through amplifier circuit. 
2. How compound feedback is effected. 


a. Internal feedback circuit 
b. External feedback. 


3. How amplifier characteristics vary 
when feedback is varied. 


a. Net feedback effect depends upon 
opposition or aiding of internal and 
external feedback circuits, and on 
ampere-turns developed in each. 


4. Review and summary. 
INFORMATION AND DISCUSSION: 


A magnetic amplifier circuit utilizing 
both internal and external feedback is shown 
on the page opposite. The internal feedback 
is introduced normally, by allowing a pul- 
sating unidirectional current to flow in the 
load winding. The external feedback is 
generated by special feedback windings on 
the cores. 


In some designs, the two feedbacks may 
aid each other to produce а large positive 
feedback effect. In others, they may oppose 
each other, with internal positive feedback 
and external negative feedback. Positive 
feedback increases amplifier gain; negative 
feedback improves stability and frequency 
response. 


This magnetic amplifier drives an AC 
load. In describing the operation, it will be 
assumed that the AC supply begins on the 
half-cycle having the circled polarity. 

During this time interval, electrons flow 
through load RL, rectifier CR6, feedback 
windings WF2 and WF1, rectifier CR4, load 
winding WL1, and rectifier CR1 to the posi- 
tive side of the AC supply. On the next half- 
cycle, current flows in the load winding WL2. 


Analyzing this circuit operation, it can 
be seen that both internal and external feed- 
back are present. External feedback currents 
flow in feedback windings WF1 and WF2. 
Bridge rectifiers CR3, CR4, CR5, and CR6, 
and rectifiers CR1 and CR2 allow only uni- 
directional currents to flow т WL1 and WI2. 
This sets up internal feedback. 


The net feedback effect depends upon 
whether the individual feedbacks oppose or 
aid each other, upon ampere-turns developed 
in the load windings, and upon the ampere- 
turns developed in the feedback windings. 
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QUIZ SHEETS: 


Answer the following questions: 5. Ina two-reactor amplifier for DC load, 
with internal feedback, the voltage de- 
1. Ina two-reactor amplifier for AC load, veloped across load RL is ; 
with internal feedback, the voltage de- 
veloped across load RL is | : 6. In a compound feedback magnetic 
amplifier, both and 
2. Rectifiers CR1 and CR2 are connected feedback are utilized. 
in with load RL. 
7. When both feedbacks are used, opposing 
3. When control current IC is zero, the each other, the feed- 
value of load current IL will be back increases amplifier gain, while 
i the feedback improves 


stability and frequency response. 
4. Ina two-reactor amplifier for DC load, 
with internal feedback, the bridge cir- 
cuit prevents counter emf from devel- 


oping by 
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Topic No. Topic Title Page 
1. Four-Reactor Push-Pull Magnetic Amplifier . . . . . . . . . 78 
2. Three-Phase Magnetic Amplifier . . . . +. . . . . . . . 80 
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2-4-1 MULTICORE MAGNETIC AMPLIFIERS 


TOPIC 1: 


FOUR-REACTOR PUSH-PULL 


MAGNETIC AMPLIFIER 


You Are Now Going to Learn: 
1. Reasons for multicore designs. 


2. Functioning of four-core circuit. 


Discussion Points for this Topic Are: 


1. Why multicore circuits are needed. 


a. To simplify matching. 
b. To improve stability and gain. 
c. To work from polyphase AC supply. 


2. Electron flow in each half-cycle in 
four-core circuit, with no signal. 


3. How the circuit responds to a signal, 
4. Review and summary. 
INFORMATION AND DISCUSSION: 


The single-stage magnetic amplifier 
circuits described зо far have had а maxi- 
mum of two cores. Designers frequently 
find it necessary to resort to the use of 
several cores per stage for any of several 
reasons. One reason is that in many two- 
core circuit applications exact matching of 
the cores is critical. Setting up a four-core 
stage па bridge configuration reduces the 
criticality of matching. Another is that the 
use of four cores per stage may permit in- 
creased stability and gain. A third reason 
is that an amplifier may be required to work 
on а polyphase, rather than а single-phase, 
AC supply. 


Although a comprehensive treatment 
of multicore circuits is beyond the scope of 
this course, two representative multicore 


configurations will be briefly described: 
a four-reactor push-pull amplifier in this 
topic and a three-reactor amplifier in the 
next. 


The four-reactor push-pull magnetic 
amplifier diagrammed on the page opposite 
uses internal feedback and operates into an 
AC load. Each reactor has one load and one 
control winding. Rectifiers СВ1 through CR4 
are connected in series with the load windings 
to produce internal feedback. The AC supply 
is furnished through the secondary of center- 
tapped transformer Т1. 


On the half-cycle when the secondary of 
transformer Т1 has the circled polarities, 
electrons will flow from the upper end of T1 
through winding WL2, rectifier CR2, and 
winding WL4 to the lower end of the trans- 
former. Since the impedances of WL2 and 
WL4 are equal with no control current flow- 
ing, equal voltages will be dropped across 
each, and no voltage will be felt across RL. 
On the next half-cycle, rectifiers CR1 and 
CR3 conduct, and flux-producing current 
flows through load windings WL1 and WL3; 
but, again, due to equal voltage current, the 
circuit remains symmetrical and no output 
voltage appears across the load resistor. 


When control current flows, however, 
it sets up a core flux which aids the flux 
produced by two of the load windings (for 
example, that produced by WL1 and WL3) 
while opposing the other two (WL2 and WLA). 
Since the circuit is now asymmetrical, load 
voltage appears across RL. "This circuit 
may be considered as the fundamental four- 
core push-pull internal-feedback circuit. It 
can be readily modified to operate into a DC 
load. 
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TOPIC 2: THREE-PHASE MAGNETIC AMPLIFIER 


You Are Now Going to Learn: INFORMATION AND DISCUSSION: 

1. Functioning of three-phase single- The magnetic amplifiers described up 
stage internal feedback magnetic to this point all operate from a single-phase 
amplifier. AC supply. The half-wave amplifier dia- 

grammed below operates on а three-phase 

Discussion Points for this Topic Are: source. Rectifiers CRI through СИЗ are 

connected in series with their respective 

1. Electron flow in circuit. load windings to produce internal feedback. 

The load receives DC. 
a. No signal condition. 
b. Response to signal. Since each of the phases produces the 
c. Each phase circuit similar same action, only one need be examined 
in functioning. briefly. On that half-cycle when neutral line 
is negative with respect to point A, electrons 
2. Characteristics of load current. flow through load RL, rectifier CR1, and the 
load winding WL1. On the next half-cycle, 
a. Low ripple content across this rectifier is nonconductive. Because a 
load. three-phase supply is being used, the ampli- 
tude of the ripple content across the load is 
3. Review and summary. relatively low. 
CRI 
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QUIZ SHEETS: 


1. 


Answer the following questions: 


Name three reasons why it is some- 
times necessary to use several cores 
per stage. | 


а. 
b. 
с 


What is the voltage appearing across 
load resistor, RL, in a four-reactor 
push-pull amplifier with no control 
current ? 


What components in the four-reactor 
push-pull amplifier produce internal 
feedback? 


QUIZ 


In a four-reactor push-pull amplifier, 
the rectifiers are with 
the load windings. 


In a three-phase magnetic amplifier, 
the three-phase refers to source or 
load? 


Load resistor RL receives a 
output voltage in a three-phase magnetic 
amplifier. 


The ripple amplitude across the load 


in a three-phase magnetic amplifier is 
relatively 
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2-5-1 MULTISTAGE MAGNETIC AMPLIFIERS 


TOPIC 1: UNCOMPENSATED MULTISTAGE CIRCUIT 


You Are Now Going to Learn: 


1. Advantages of multistage magnetic 
amplifier operation. 


2. Functioning of uncompensated multi- 
stage amplifier. 


3. Limitation of this type of amplifier. 


Discussion Points for this Topic Are: 


1. Reasons for multistage magnetic 
amplifier operation. 


a. To increase sensitivity. 
b. To increase gain. 


2. Electron flow through three-stage 
circuit. 


3, Effect of quiescent current. 


a. Cumulative loading. 
b. Signal current effect in final stages. 


4. Disadvantages of multistage uncompen- 
sated amplifier. 


a. High quiescent currents and reduced 
operating range. 

b. Limit to number of usable sequential 
stages possible. 

с. Saturation on zero control current. 


5. Review and summary. 
INFORMATION AND DISCUSSION: 


Magnetic amplifiers without feedback 
can be arranged as sequential stages to in- 
crease sensitivity and power gain, as shown 
on the page opposite. In the first stage of 
this circuit, a DC signal input is applied to 


control winding WC1 of the first reactor. 
The AC supply is applied to the load winding 
of this reactor and to bridged dry-disc rec- 
tifiers CR1. These rectifiers are arranged 
so that only a unidirectional current can flow 
in the control winding WC2 of the second 
reactor. The amount of this current is 
determined by the signal input to the first 
stage. 


In the second stage, the AC supply volt- 
age is also applied to load winding WL2 of 
the second reactor and to the bridged recti- 
fiers CR2. 


The third or output stage of the ampli- 
fier includes third-stage output winding WL3 
and load RL across the AC supply. Current 
flow through RL depends upon WL3's imped- 
ance, as regulated by current flow in control 
winding WC3. 


In this multistage amplifier there is a 
limit to the number of stages that can be 
cascaded this way. Even with zero DC input 
to the first stage, a quiescent load current 
flows in load winding WL1 of reactor 1 and 
in control winding WC2 of reactor 2. This 
will magnetize the core of reactor 2, which 
will approach saturation and cause an ap- 
parent signal output to develop. Each stage, 
in turn, will saturate to a greater degree. 
Thus, by the third or fourth stage, full out- 
put may develop while signal input is zero, 
and actual signal inputs will produce no effect 
on the output. 


It is possible to suppress this effect by 
using compensating circuitry. Multistage 
circuits of the type illustrated are referred 
to as uncompensated circuits. 
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TOPIC 2: COMPENSATED MULTISTAGE CIRCUIT 


You Are Now Going to Learn: 
1. Purpose of compensating circuit. 


2. Functioning of a compensated multi- 
stage amplifier. 


Discussion Points for this Topic Are: 
1. Principle of compensated amplifier. 


a. Counterpoise choke eliminates 
quiescent current in each stage. 


2. Electron flow through three-stage 
compensated circuit. 


a. Balanced condition of output when 
control current is zero. 

b. Control current increases unbalance 
to increase load current. 


3. Review and summary. 
INFORMATION AND DISCUSSION: 


To prevent saturation effects produced 
by the quiescent load current, compensating 
circuits may be added to multistage magnetic 
amplifiers. One specimen of a compensated 
circuit is diagrammed on the page opposite. 


In this circuit center-tapped power 
transformer Т1 forms symmetrical bridge 
networks in conjunction with the load wind- 
ings of the saturable reactors. It can be 
seen that in stage 1 a bridge is formed by 
the center-tapped secondaries of T1, load 
winding WL1, and the winding of counter- 
poise CP1. Counterpoise CP1 is a choke 
electrically identical to WL1. The bridge 
rectifier network CR1, associated with stage 
1, is connected between the center-tapped 
lead of T1 and the junction of WL1 and СР. 
Hence the junction of CP1 and WL1 and the 
center tap of T1 are at equal potential. No 
AC voltage is applied to the rectifiers, and 
no rectified current flows in control winding 
WC2 of stage 2. The succeeding stages are 
correspondingly compensated, and quiescent 
load current is eliminated. 


When a control signal is applied to the 
input stage, it reduces the impedance of load 
winding WLI and the bridge network becomes 
unbalanced. The difference of AC potential 
between WL1-CP1 and the center tap of T1 is 
applied to CR1, and current flows in the con- 
trol winding WC2 of stage 2. The process is 
repeated for stages 2 and 3. 
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чм 
Ho 
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2-5-3 MULTISTAGE MAGNETIC AMPLIFIERS 


TOPIC 3: MULTISTAGE INTERNAL 
FEEDBACK CIRCUIT 


You Аге Now Going to Learn: However, multistage circuits can be used 
in conjunction with bias and feedback, as 
1. Multistage operation applied with shown on the page opposite in the diagrammed 
internal feedback circuit. two-stage circuit. The input stage is а two- 
winding core, with WC1 as control winding 
2. Operation of a typical bias supply and WL1 as load winding. The three-winding 
circuit, output stage includes control winding WC2, 


load winding WL2, and bias winding WB2. 


Discussion Points for this Topic Are: 
The control signal regulates the imped- 


1. Electron flow through two-stage ance of the stage 1 reactor in accordance 
internal feedback biased circuit. with the amount of DC fed to WC1. The AC 
supply is applied through transformer Т1 to 

a. First-stage transformer coupled the circuit comprising load winding WL1, 

to AC supply. control winding WC2, and rectifier CR1. 

b. Bias applied in output stage only. CR1 limits current flow in this circuit to 
C. Internal feedback applied in both one half of the AC cycle, producing internal 
stages. feedback in the first stage. The first-stage 

output, through control winding WC2, con- 

2. Bias supply circuit. trols the effective impedance of the second- 


stage reactor. 
a. Bias supply produces pulsating 


DC by direct excitation from AC In the second stage, the AC supply 
supply via diode. voltage is applied to the series circuit com- 
b. Bias winding effect is to reduce prising load RL, load winding WL2, and 
quiescent current in output stage half-wave rectifier CR2. CR2 sets up 
only. internal feedback in the output stage. 
3. Review and summary. The AC source, through rectifier CR3, 
supplies DC bias to reduce quiescent load 
INFORMATION AND DISCUSSION: current. 


The multistage circuits described in the 
preceding two topics were nonfeedback types. 
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STAGE | STAGE 2 


TO DC WCI | 
CONTROL 


SOURCE 


CRI 
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QUIZ SHEETS: 
Answer the following questions. 


1. Two reasons for multistage magnetic 
amplifiers are: 


a. 
b. 


2. What is the main disadvantage of an 
uncompensated multistage magnetic 
amplifier ? 


3. Under the above conditions, if signal 
input is zero, output 
may develop. 


MULTISTAGE MAGNETIC AMPLIFIERS 2-5 


QUIZ 


In а compensated multistage circuit, the 
addition of 
eliminates quiescent current. 


In the multistage internal feedback cir- 
cuit, sets up internal 
feedback in the first stage and 

sets up internal feed- 


back in the output stage. 


The DC bias, used to reduce quies- 
cent load current, is supplied by the 
source, through 
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TOPIC 1: SATURABLE REACTOR APPLICATIONS 


You Are Now Going to Learn: 


1. Saturable reactor principle application 
to measurement of large direct current. 


2. Advantages of this method. 


Discussion Points for this Topic Are: 
1. Circuit operation. 


a. Conductor field controls reactor 
saturation. 

b. Auxiliary AC supply used to 
energize meter. 

с. Core windings in opposition render 
device insensitive to direction of 
measured current. 


2. Advantageous features. 


a. Electrical isolation of metering 
circuit. 

b. Elimination of shunts and of need 
to cut into circuit being measured. 


3. Review and summary. 
INFORMATION AND DISCUSSION: 


The purpose of this topic and the one 
following is to present a few typical applica- 
tions of saturable reactors and magnetic 
amplifiers which the student may encounter 
in his future work or study. The discussion 
devoted to each example is intended only to 
point up the principle of operation and its 
application as related to the content of the 
course; no attempt is made here to present 
complete descriptions of these examples. 


The discussions on saturable reactors 
earlier in this course indicated that these de- 
vices are still used in such applications as 


control of large lighting loads, as in theaters. 


Another common application, more charac- 
teristic of Navy equipment, follows. 


The simple saturable reactor circuit 
can be applied to measurement of large di- 
rect currents, between 100 and 50, 000 
amperes, that flow in a DC bus in a high 
power installation. A twin-core saturable 


reactor is used to measure the direct bus 
current, as shown below. In this circuit, 

the AC load windings of the saturable reactor 
are connected in series opposing; the DC bus 
itself, placed within the twin cores, acts as 
the DC control winding of the reactor. The 
core windings are connected in opposition to 
make the instrument equally accurate regard- 
less of the direction of the current to be 
measured. 


CORE 2 
DC HIGH- 
CURRENT 
BUS 
(A) AMMETER 





62. SATURABLE REACTOR USED 
TO MEASURE DC 


The magnitude of the direct current in 
the bus determines the magnetic flux around 
the conductor, and thus sets the level of 
magnetization in the reactor cores. The 
magnetization flux, in turn, controls the im- 
pedance of the load windings, thus directly 
affecting the impedance of the load circuit. 
Н bus current increases, the impedance of 
the load windings decreases, the load cur- 
rent increases, and the ammeter indicates a 
higher value. Variations in currents in the 
bus produce instantaneous indications on the 
meter. The saturable reactor in this appli- 
cation frequently is referred to as a direct- 
current transformer. 


One advantage of the saturable-reactor 
circuit in this application is that no meter 
shunt resistors are required. Resistors 
needed for the measurement of thousands of 
amperes are large, costly, and difficult to 
cool. In addition, the reactor method of 
measurement isolates the metering circuit 
from the high-current bus; this is important 
when the bus is at a high potential. 
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TOPIC 2: MAGNETIC AMPLIFIER APPLICATIONS 


You Are Now Going to Learn: 


1. Application of magnetic amplifier in 
flux detection. 


2. Application of snap action to operate 
a relay. 


3. Application of magnetic amplifier in 
a servomechanism. 


Discussion Points for this Topic Are: 
1. Flux detector circuit functioning. 


a. With no detectable external 
magnetic field. 
b. When external field is present. 


2. Snap action circuit functioning. 


a. When control current is zero. 

b. When control current is enough to 
energize the relay. 

c. Advantage of snap action circuit. 


3. Magnetic amplifier in servomechanism. 


a. Bias. 
b. Reversing feature. 


4. Review and summary. 
INFORMATION AND DISCUSSION: 


Magnetic Amplifiers Used as Push- Pull 
Flux Detectors 


The flux-gate magnetometer is a device 
to measure the effects of external magnetic 
fields, such as the earth's magnetic field. 
The magnetometer is essentially a flux- 
detection unit. A half-wave push-pull 
circuit used for flux detection is shown to 
the right. 


In the magnetometer circuit diagrammed 
to the right, the two equal load windings WLI 
and WL2, which are the pickup coils, are 
wound on cores of easily saturable magnetic 
material. The axes of the cores point in the 
same direction. 


To follow the circuit operation, let it be 
assumed first that no detectable external 
magnetic field is present. On the half-cycle 
when the AC supply voltage has the circled 
polarity, both rectifiers conduct. Current 
flows in the two load windings. However, 
since the reactors and the rectifiers are 
identical, no potential difference exists for 
the galvanometer to register. The fluxes 
produced in the reactors are of equal magni- 
tude but opposite polarity. 





pd 
CORE 2 


63. MAGNETOMETER USED IN 
FLUX DETECTION 


If an external magnetic field is now 
applied parallel to the axes of the cores, 
this magnetic field will aid the field produced 
by one of the reactors while opposing that 
produced by the other. Because of this, the 
circuit is no longer symmetrical. The imped- 
ance of one reactor increases while the other 
decreases, and the current through one rec- 
tifier increases while the other decreases. 
As a result, the galvanometer registers a 
potential difference. The direction and 
magnitude of the galvanometer needle de- 
flection is a measure of the direction and 
strength of the external magnetic field. 
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Snap Action Relay-Operating Circuit 


Excessive positive feedback in а mag- 
netic amplifier produces a type of circuit in- 
stability called snap action. In certain relay 
applications, snap action is both required 
and desirable. Changing relay current from 
a small value below relay pickup to а large 
value considerably above pickup produces 
rapid and certain contact action and tends to 
keep the contacts closed during shock and 
vibration. Conversely, when deenergizing 
the relay, changing the coil current from a 
large value to one well below pickup extends 
the life of the contacts by minimizing the 


tendency of the contacts to arc. 
TI 


64. SNAP ACTION RELAY-OPERATING 
CIRCUIT 





WL2 


RELAY | = 


СОМТАСТЅ | 
| 


COIL К 










CONTROL 
SOURCE 





A circuit that utilizes snap action to 
energize a relay is shown above. The AC 


FIXED DC 
VOLTAGE 


SOURCE 
R2 
E 
TO DC 


SIGNAL 
SOURCE 


supply voltage is applied to the primary of 
transformer T1. Its center-tapped second- 
ary feeds the parallel circuits comprising 

the load windings WL1 and WL2 and rectifiers 
CRI and CR2. The rectifiers allow DC to 
flow through relay coil winding K and posi- 
tive feedback winding WF of the saturable 
reactor. 


When control current is zero, feedback 
current and its corresponding magnetic flux 
are relatively low because of the high imped- 
ance of the load windings. Relay current is 
then not sufficient for pickup. When control 
voltage of a certain amplitude is applied, 
load winding impedance decreases. This 
causes a heavy sudden increase in feedback 
current, which rapidly saturates the core. 
This is snap action, and the heavy load cur- 
rent actuates the relay. 


Control of Two- Phase Servomotor 


The two-phase induction motor is used 
extensively in high-performance servo- 
mechanisms. А magnetic amplifier circuit 
designed to control this type of motor 15 
shown below. In this circuit, DC signal volt- 
age is applied to control windings WC1 and 
WC2. Through the amplifier, this simulta- 
neously varies the current in, and the flux 
produced around, the two motor fields. 
Capacitor C1 phase-shifts amplifier output 
so that the currents in the motor windings 
are approximately 909 out of phase with 
respect to each other, as required for the 
operation of any two-phase induction-type 
reversible motor. Potentiometers R1 and 
R2 regulate amplifier bias current from an 
external DC supply. 
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TOPIC 1: 


You Are Now Going to Learn: 


1; 


Magnetic amplifiers usually may be 
replaced only as complete assemblies. 


Permissible preventive maintenance 
measures with magnetic amplifiers are 
severely limited. 


Adjustments possible on most magnetic 
amplifiers. 


Causes of requirements for: 
a. Gain adjustment. 


b. Feedback adjustment. 
c. Bias adjustment. 


Discussion Points for this Topic Are: 


1. 


102 


Magnetic amplifiers are usually potted 
and sealed. 


a. Replacement usually permitted only 
of complete amplifier assemblies. 

b. Disassembly of amplifiers strictly 
limited to competent personnel in 
properly equipped facilities. 


Adjustment by way of preventive mainte- 
nance of magnetic amplifiers that are 


functioning satisfactorily is to be avoided. 


Magnetic amplifier adjustments are per- 
formed by setting external resistors; 
adjustments usually possible include 
gain, feedback, and bias. 


How to determine: 

a. Whether amplifier requires adjust- 
ment. 

b. Amount and direction of required 
adjustment. 


Effects of adjustment on: 


a. Amplifier characteristics. 
b. System performance. 


Review and summary. 


AMPLIFIER ADJUSTMENTS 


INFORMATION AND DISCUSSION: 
General Principles 


The general principles underlying main- 
tenance of magnetic amplifiers and associated 
equipment are the same as those applying to 
maintenance of any other type of electronic 
or electrical equipment. The principal dif- 
ferences arise from the following features 
that apply to most magnetic amplifier instal- 
lations: 


1. Magnetic amplifiers are usually 
potted and sealed, so that no com- 
ponent replacement is practicable 
except at specially equipped facili- 
ties. The magnetic amplifier is 
usually replaceable only as a 
complete assembly. 


2. When subjected only to rated input 
voltages and types of current, and 
when otherwise employed in conso- 
nance with their rated characteristics, 
magnetic amplifiers have, for all 
practical purposes, unlimited life. 
They do not need to be replaced 
periodically, as do vacuum tubes. 
The only adjustments required, 
when operating conditions remain 
constant, are occasional resettings 
of external variable resistors or 
potentiometers to compensate for 
aging of selenium rectifiers inside 
the amplifier. Such adjustments 
are required relatively seldom. 


Since magnetic amplifiers seldom re- 
quire attention, they should not be adjusted 
after installation in an attempt at preventive 
maintenance if they are functioning satisfac- 
torily. It must not be inferred that the 
adjustments to be discussed later are re- 
quired at fixed intervals; they should be 
performed only if required by equipment 
malfunction. By the same token, no replace- 
ment of internal components in a sealed mag- 
netic amplifier unit should ever be attempted, 
except by competent personnel specifically 
authorized to do this work and equipped with 
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the required implements. Aboard combat 
ships the general practice is to replace the 
complete magnetic amplifier assembly when 
a magnetic amplifier fails. 


The preceding statements describe 
the principles most usually applicable in 
magnetic amplifier maintenance. It must be 
emphasized, however, that when dealing with 
any specific equipment maintenance person- 
nel must consult the appropriate technical 
manual, Ordnance Pamphlet (OP), OD, etc., 
covering maintenance of that equipment, and 
must comply with the instructions therein. 


Types of Adjustment 
Where adjustments are possible on 


sealed magnetic amplifiers, they are likely 
to be of the following three types: 


1. Gain. 
2. Feedback. 
3. Bias. 


All of these adjustments are most fre- 
quently made by setting potentiometers or 
other variable resistors external to the mag- 
netic amplifier concerned. Conventionally, 
a sealed magnetic amplifier in Navy installa- 
tions either plugs into the remainder of the 
equipment circuitry through a receptacle or 
set of pin contacts, or has all circuits re- 
quiring outside connections terminate in a 
set of solder lugs on an insulated header at 
one end of its canister or enclosure. When 
this type of construction is used, adjustment 
potentiometers or variable resistors of 
specified value and taper, as prescribed by 
the equipment manufacturer, are connected 
to the appropriate terminals of the amplifier 
and are set by turning a knob or screwdriver 
slot. 


Gain Adjustment 


The usual design practice with magnetic 
amplifiers is to adjust gain either by regu- 
lating the input signal or by regulating an 
external negative feedback circuit. It is 
theoretically possible to adjust gain by 
regulating the AC supply voltage, but this 
is not a frequent method. 


It is a good practice to avoid adjusting 
magnetic amplifier gain unless a trouble 


symptom can be definitely traced to unsatis- 
factory gain adjustment in the amplifier. In 
a servo, for example, insufficient gain is 
characterized by sluggish servo response, 
perhaps coupled with excessive residual 
error. Excessive gain, in contrast, may 
be indicated when the servo overshoots and 
hunts for a while before settling down, or 
continues to chatter or vibrate on a fixed 
input signal. In an amplifier with separate 
feedback and gain adjustments, it may be 
necessary to readjust both for satisfactory 
performance, as described below. 


Feedback Adjustment 


Magnetic amplifier internal feedback is 
determined by the amplifier's design features, 
such as the windings ratio, the diode charac- 
teristics, the circuit configuration, and so on. 
Such features are not subject to modification 
in the field. Therefore, internal feedback is 
not adjustable by operating or shipboard 
maintenance personnel. It will be recalled 
that internal feedback is always positive 
feedback. 


External feedback, which may be either 
positive or negative, can be adjusted by a 
potentiometer or variable resistor in the 
conductor connecting the feedback windings 
with the output. Ordinarily, the amplifier 
designer chooses a value for this component 
which will give a range of adjustment con- 
sonant with the anticipated needs. For 
example, to avoid snap action, a positive 
feedback adjustment must be kept from 
ralsing positive feedback to more than ap- 
proximately 85 percent, or the amplifier 
will become unstable. Choosing a potenti- 
ometer of proper value, and using a fixed 
resistor in series, will enable the designer 
to keep feedback below a value that will cause 
instability. It is obvious that replacing such 
resistive components with others of different 
value will nullify the designer's intention and 
may radically modify the characteristics of 
the amplifier. Substitution of different values 
or types of resistors when adjusting or mak- 
ing replacements is therefore forbidden, 
except under specific authorization of Ord- 
Alts or similar directives. 


Similar considerations apply with re- 
gard to adjusting negative feedback. In many 
amplifiers, negative feedback and gain are 


AMPLIFIER ADJUSTMENTS 103 


2-7-1 MAGNETIC АМРЫЕТЕВ MAINTENANCE 





simultaneously adjusted by setting a single 
potentiometer. The two are inversely re- 
lated; increasing gain, for example, is done 
at the expense of decreasing feedback. In 
most cases, this simultaneous adjustment is 
desirable and is effective within the design 
limits of the equipment. 


In such circuits, when adjustment of 
either gain or feedback is required while the 
other factor remains constant, it may be nec- 
essary to make an adjustment entirely out- 
side the magnetic amplifier. For example, 
in a servo, as a substitute for modifying gain 
in the amplifier, it may be possible to regu- 
late input to the first preamplifier stage 
ahead of the magnetic amplifier. In place of 
modifying magnetic amplifier negative feed- 
back, it may be possible to regulate a phase- 
shifting network or a tachometer generator 
elsewhere in the servo. 


The details of such adjustments and 
their effects on servo performance are 
properly the subject of another course, and 
will not be described here. It can be noted, 
however, that the effects of feedback, as 
they affect gain, are the same as those as- 
sociated with gain. For example, excessive 
positive feedback or reduced negative feed- 
back increases gain. The symptoms of such 
feedback maladjustment are then the same 
as those for excessive gain. Conversely, 
severely reduced positive feedback or in- 
creased negative feedback will reduce gain. 


Bias Adjustment 


Earlier topics have shown the effect of 
bias adjustment on amplifier characteristics. 
Bias adjustment in magnetic amplifiers is 
not made by maintenance personnel for the 
purpose of modifying amplifier characteris- 
tics. It is intended, on the contrary, only 
as a way to keep the amplifier's performance 
within the range intended by the designer. 


The explanation is that although mag- 
netic amplifiers are highly stable over long 
time periods, particularly as compared with 
vacuum-tube types, the type of magnetic 


amplifiers using selenium rectifiers do age. 
The aging is caused by slow deterioration of 
the selenium rectifiers in the amplifiers. 
This deterioration permits reverse currents 
to increase, thus reducing gain in the affected 
stage. Since the reverse currents tend to 
undo the effects of self-saturation by partly 
demagnetizing the core, it is possible to can- 
cel out their magnetic effect by causing op- 
posing currents to flow in the bias windings. 
Such bias adjustment is generally quite in- 
frequent, since the aging of magnetic ampli- 
fier diodes is very slow. Since silicon diodes 
do not age as do seleniums, this problem does 
not exist in modern amplifiers using silicon 
diodes. 


In practice, the most usual symptom of 
bias maladjustment will be a tendency of the 
servomotor to drive in one direction when 
the input signal is zero, or when quiescent 
current is of a different value than the 
standard for the amplifier. One likely cause 
for such behavior is deterioration of a sele- 
nium rectifier in the load winding or control 
winding circuit. This will permit enough 
leakage to develop an amplifier output when 
amplifier input signal is zero. In amplifiers 
that do not drive servomotors, the need for 
bias adjustment is evidenced by substantial 
current flow when the input signal is zero. 
This may not be called drift, but the phenom- 
enon is essentially the same. На loss of 
gain or an excessive quiescent current flow 
(drift) are traced to bias maladjustment, it 
is necessary only to unlock the bias potenti- 
ometer of the amplifier, adjust for minimum 
quiescent current or increased gain as pro- 
vided in the appropriate technical manual, 
and relock. 


It should be noted that bias maladjust- 
ment is not the only possible cause of, or 
necessarily the best way to deal with, the 
malfunction symptoms described above. 
Maintenance personnel must use the trouble 
analysis procedures in the appropriate tech- 
nical manual when doing maintenance work 
on equipment using magnetic amplifiers. 
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I; 


TOPIC 2: SUMMARY OF MAGNETIC AMPLIFIER 


MAINTENANCE PRECAUTIONS 


You Are Now Going to Learn: 


Review of magnetic amplifier 
maintenance precautions. 


Discussion Points for this Topic Are: 


1. 


5. 


Inputs to magnetic amplifier must 
always conform to design limits. 


No adjustments when amplifier is 
working right. 


Never change values of external 
resistors. 


Never disassemble sealed units 
unless: 


a. Authorized to do во. 
b. Equipped to do во. 
с. With know-how to do so. 


Review and summary. 


INFORMATION AND DISCUSSION: 


netic amplifiers are summarized as follows: 
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The maintenance precautions for mag- 


Never expose magnetic amplifiers 
to inputs for which they are not 
designed. 


Avoid making adjustments to mag- 
netic amplifiers which are function- 
ing satisfactorily unless absolutely 
necessary. 


Never attempt to replace external 
potentiometers and other external 
regulating devices for magnetic 
amplifiers except with identical re- 
placement units, unless specifically 
authorized by OrdAlts or similar 
directives. 


Sealed magnetic amplifier units 

may be disassembled and repaired 
or modified internally only by com- 
petent authorized personnel. Sealed 
magnetic amplifiers may be replaced 
with identical units by ship's force, 
but not repaired. 


Adjustments should be made only as 
specified in the equipment instruction 
book, technical manual, or Ordnance 
Pamphlet. 
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QUIZ SHEETS: 


Answer the following questions. 
Adjustments to a sealed magnetic 
amplifier are likely to be of the three 
following types: 

а. 
b. 
c 
Two usual ways of adjusting gain of a 


magnetic amplifier is by adjusting the 
or the 


feedback is not 


adjustable by shipboard maintenance 


personnel. 


feedback may be either 


positive or negative, and may be ad- 


justed. 


An indication of excessive quiescent 
current flow, when the input signal is 
zero, would be 4 


QUIZ 


10. 


Magnetic amplifiers have practically 
an unlimited life. True or false. 


When а magnetic amplifier is not 
working properly, it should be un- 
sealed and repaired by an FT. 
True or false. 


The occasional adjustments required 
on а magnetic amplifier are made to 

external resistors or potentiometers. 
True or false. 


Preventive maintenance is required 
of magnetic amplifiers on a weekly 
basis. True or false. 


The appropriate technical manual is 
always consulted when dealing with any 
specific equipment. True or false. 
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